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Microbiology of Salt Marshes in the UK: Insights into Life in Gradient-
Rich Environments 
 





Gradual changes in physico-chemical factors occurring along spatial and temporal 
scales in different ecosystems are described as environmental gradients. Salt 
marshes, an example of such gradient-rich environments, are intertidal marshy 
zones characterised by continuous alternating tidal cycles. Such dynamic 
environments are suitable hotspots for studying microbial biodiversity. The 
microbes of these environments could be fruitful ecological or biotechnological 
resources of bioactive agents that remain functional even in extreme conditions, 
although there are only a limited number of cultured microbes described from salt 
marsh environments including those in the UK. Thus, the scientific and economic 
value of most of these marsh sites has largely remained unexplored. 
This study aimed to explore culturable diversity, and novel and potentially beneficial 
microbes within salt marshes, alongside the development of a promising and rapid 
technique for the cultivation of microbes from gradient-rich environments. Samples 
were obtained from salt marshes at RSPB Marshside and Fingringhoe Wick Nature 
Reserve, situated at the geographically and climatically distinct North-West and 
South-East regions of England. Pure microbial isolates obtained via cultivation-
based analysis were cryopreserved, phylogenetically identified using their 16S 
rRNA genes, and screened for novel species as well as antimicrobial production. A 
full characterisation of two of the novel isolates was performed through polyphasic 
tests and draft genome analysis. Additionally, based on the diffusion concept, 'gel-
stabilised gradient plates' were developed to mimic the physico-chemical 
components of gradient-rich ecosystems. 
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This combined approach of cultivation- and molecular-based studies with 
biotechnological screening identified the cultivable microbial diversity and made the 
initial steps to describe this diversity in the salt marshes of the UK. The present 
study additionally suggested the antimicrobial production by the isolates and 
discovered the novel microbes Halomonas aestuarensis and Pseudoalteromonas 
belisamaea isolated from study marsh sites. The gel-stabilised gradient plate also 
confirmed its significance in direct and wider applications in microbial culturing.  
 
Keywords: Environmental gradients, Salt marshes, Microbial cultivation, Microbial 




































1.1 ENVIRONMENTAL GRADIENTS  
Environmental gradients are described as gradual changes in physico-chemical 
factors (e.g. pH, salinity, temperature, humidity, oxygen saturation) which occur 
along spatial and temporal scales in different ecosystems. Typical examples of 
gradient-rich environments include coniferous forests and tropical forests (Baldeck 
et al. 2016), grasslands (Tardella et al. 2016), fire-dependent ecosystems (Kirkman 
et al. 2001), fresh water and coastal habitats (e.g. rivers, ponds, lagoons, estuaries, 
salt marshes, Bernhard et al. 2010; Cao et al. 2008), as well as extreme 
environments like geothermal lakes (Weltzer et al. 2013) and deep-sea brines 
(Antunes et al. 2011; Antunes et al. 2019). 
Environmental gradients generated at these ecosystems through both biotic and 
abiotic interactions supply multiple substrates and favourable conditions for the 
subsistence and physiological functions of diverse communities and thus lead to 
their species’ distribution, abundance and diversity (Smith et al. 2002; Marton et al. 
2015; Doebeli and Dieckmann 2003; Namba et al. 2020). Such habitats also control 
global warming and environmental pollution (Lasco 1997; Nielsen et al. 2016; Lima 
et al. 2019) and maintain the recreational and aesthetic value of these ecosystems 
(Friess et al. 2020; Morgan et al. 2009; Millennium Ecosystem Assessment 2005). 
Gradient-rich environments are also hotspots of microbial diversity (Signori et al. 
2014; Chen et al. 2017). The co-existence of diverse microorganisms within these 
environments supports elemental recycling (Geyer et al. 2017; Bernhard et al. 
2010), bioremediation (Bender et al. 1995; Basu et al. 2017; Lima et al. 2019) and 
morphodynamics preservation (Stal et al. 1994; Van Gemerden 1993).  
1.2 SALT MARSHES 
Environmental gradient habitats across coastal areas such as salt marshes are 
known to have a significant influence on the marine ecosystem (Bolhuis et al. 2013; 
Gray 1992). Salt marshes occur worldwide, particularly in the middle to high 
latitudes, and are common habitats of estuaries. These are the coastal wetlands; 
upper coastal intertidal marshy zones which exist between open sea and land. Its 
components are tidal flats (mudflats), tidal creeks (channels), low marsh and high 
marsh areas (Fig 1.1), which are formed according to differences in elevation, 
varying salinity, and patterns of halophyte vegetation zones (Kim et al. 2010a; 
Brewer et al. 1998; Li and Pennings 2016).  
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Salt marshes are characterised by continuous alternating tidal cycles of flooding 
and drainage of sea water (Hemminga et al. 1993). With their alternating wet and 
desiccated phases, salt marshes encounter frequent environmental changes which 
create unique horizontal and vertical physico-chemical gradients across these 
habitats e.g., of salinity (Kim et al. 2012), pH (Nelson et al. 2009; Rey 1992), redox 
potential (Rand 2000) and moisture content (Leeuw et al. 1990). These sites are 
also described as a pronounced sink and a source of organic and inorganic 
components (Cook et al. 2004; Gallagher et al. 1974). Biochemical components 
deposited in salt marsh via native salt tolerant macrophytes (halophytes), algae, 
fungi and benthic animals, and by the ocean surge and upland water bodies are 
decomposed by microbial communities into inorganic, mineral forms, which are 
then released to coastal waters (Rocha 1998; Cook et al. 2004). 
 
Figure 1.1 Salt marsh components - tidal flats (mudflats), tidal creeks (channels), low 
marsh and high marsh areas (Natural Heritage and Endangered Species programs, 2016, 
viewed December 2020) 
 
1.3 SALT MARSH FUNCTIONS 
The ecosystem service benefits of these intertidal habitats are numerous. As water 
flows though the salt marsh plants, it guards shorelines from erosion by buffering 
wave action and trapping sediments. Salt marshes protect the upper land from over-
flooding by slowing and absorbing floodwater, maintain marine water quality by 
absorbing and filtering hazardous run-offs from upper land, reduce global warming, 
and have recreational value as well (Shepard et al. 2011; Van 1985). The various 
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gradients provide distinct niches which house different plants, animals and 
microbes (Wilson and Whittaker 1995; Gray 1992; Dini-Andreote et al. 2014). 
The gradients generated at salt marshes shape the microbial diversity and 
abundance (Bolhuis et al. 2013; Webster et al. 2015; Nelson et al. 2009). Beneficial 
roles played by these microbes in salt marsh environments include plant growth 
promotion and protection against phytopathogenic bacteria (Rocha et al. 2016); 
bioremediation of contaminated coastal sites (Calvo et al. 2002; Beazley et al. 2012; 
McKew et al. 2007; Coulon et al. 2007); enriching marsh sediments with organic 
and inorganic nutrients which help to protect salt marsh morphodynamics and 
functionality; stabilisation of soil sediments (via e.g. extracellular substances 
secreted by microbes, Grant and Gust 1987); restricting soil erosion (Stal et al. 
2010; Van Gemerden 1993); and promoting biogeochemical cycling that forms the 
basis of food chains existing among these areas (Chmura et al. 2003; Yakimov et 
al. 2007). Despite these benefits, salt marshes are facing a wide range of 
challenges worldwide (Oaten et al 2018; Burden et al. 2020; Phelan et al. 2011) 
and restoration and artificial re-creation programs are being conducted globally 
(Mossman et al. 2012). 
1.4 SALT MARSH LITERATURE STUDIES 
1.4.1 Literature Studies on Salt Marsh Microbial Diversity 
Literatures studies reported in salt marshes, estuaries and other coastal 
environments have predominantly showed high occurrence of Proteobacteria (60–
70%) and the remaining bacterial population of Firmicutes, Actinobacteria and 
Bacteroidetes based on both cultivation-dependant and molecular-based studies 
(Köpke et al. 2005; Fidalgo et al. 2016; Beazley et al. 2012; Johnston et al. 2017; 
Lydell et al. 2004). Firmicutes that exist in both the endospore and vegetative cell 
forms in situ (Berrada et al. 2012; Yilmaz et al. 2016; Wu et al. 2010) were reported 
to occur in varied proportion of <1% to >5% respectively (Filippidou et al. 2015; 
Cupit et al. 2019; Fidalgo et al. 2016; Berrada et al. 2012; Köpke et al. 2005). 
Actinobacteria and Bacteroidetes were also detected in lower proportions in the salt 
marsh microbial community (Fidalgo et al. 2016; Nimnoi and Pongsilp 2020; Suh et 
al. 2015; Zinger et al. 2011; Lydell et al. 2004). 
Amongst the major group of Proteobacteria found in salt marshes and other coastal 
environments, large abundance of Alphaproteobacteria and Gammaproteobacteria 
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was observed in previous studies under diverse environmental conditions (Fidalgo 
et al. 2016; Webster et al. 2010; Beazley et al. 2012; Ansede et al. 2001; Cho and 
Giovannoni 2004; Zinger et al. 2011). Anoxic ecosystems (Zinger et al. 2011; 
Madrid et al. 2001), seagrass Zostera noltii colonised sediments (Cifuentes et al. 
2000), and microcosm experiments reviewing anoxic microbial degradation of 
microphytobenthic biofilm-derived organic matter in intertidal sediments (McKew et 
al. 2013) revealed increased relative proportions of Deltaproteobacteria. Minor 
occurrence of Betaproteobacteria was also detected in coastal and estuarine 
waters (Zinger et al. 2011; Kerkhof et al. 1999; Suzuki et al. 1997). 
The transient variations to these commonly found microbial diversity and assembly 
were observed with respect to different inputs to the sediments of salt marshes and 
associated environments. Dominance of Actinobacteria and increase in relative 
abundance of Firmicutes compared to Proteobacteria was observed in salt marsh 
microcosm experiments where microbial degradation of isoprene (Johnston et al. 
2017) and microphytobenthic extracellular polymeric substances (in anoxic 
conditions, McKew et al. 2013) were tested individually as carbon and energy 
sources respectively. Abundant Firmicutes were noted amongst biomineralizing 
marine sediment microbes (Wei et al. 2015) and thermophilic bacterial population 
(Aanniz et al. 2015). 
Previous salt marsh literature has also shown the interactions between microbes 
and various salt marsh components that contribute to the maintenance of these 
ecosystems. The beneficial interactions between salt marsh microbes with 
halophytic plants has been described (Martins 2011; Gayathri et al. 2010; Buchan 
et al. 2003) as has that between the microbes and benthic communities (McKew et 
al. 2013). Ecologically and biotechnologically significant microbial responses to 
anthropogenic activities like the external input of metals (Navarro-Torre et al. 2016; 
Rocha et al. 2016), polycyclic aromatic hydrocarbons (Daane et al. 2001; Beazley 
et al. 2012; Oliveira et al. 2014; McGenity 2014) and fertilisers (Peng et al. 2013; 
Bowen et al. 2009), as well as to that of biomineralisation (Wei et al. 2015) and 
hydrolytic enzyme production (Wei et al. 2018), have been noted. Salt marsh 
studies have also described the effects of salt marsh morphodynamics (Santos et 
al. 2007; Almeida et al. 2001), realigned management (Berrada et al. 2012), and 
physico-chemical conditions (Zahran et al. 1995; Aanniz et al. 2015) on microbial 
diversity and abundance. 
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The microbial consortium involved in biogeochemical cycles of salt marshes and 
other coastal wetlands has also been studied in the literature. The biogeochemical 
re-cycling processes driven by microbial communities in these environments is 
shown in Fig. 1.2 (Sims et al. 2013; Oremland and Taylor 1978; Joye and 
Hollibaugh 1995) and introduced in the following paragraphs.  
 
 
Figure 1.2 Part of microbe mediated biogeochemical cycles in hydric soils of salt marsh 
wetlands. Red arrows indicating inhibition of the carbon cycle (methanogenesis) and 
nitrogen cycle rates by sulphides (Sims et al. 2013; Oremland and Taylor 1978; Joye and 
Hollibaugh 1995) 
Abbreviations: AOA = Ammonia oxidising archaea; AOB = Ammonia oxidising bacteria; NOB = 
Nitrite oxidising bacteria 
 
1.4.1.1 Carbon cycle 
Carbon released from decomposed organic waste is converted into methane (CH4) 
by anaerobic respiring methanogenic archaea (e.g. Methanococcus, 
Methanosarcina, Methanococcoides, Purdy et al. 2002b) which is then used as an 
energy source by methanotrophs (e.g. Methylosinus). The comparison of 
methanogenesis in salt marshes with other ecosystems such as peatlands shows 
higher carbon accumulation (Chmura et al. 2003; Choi and Wang 2004) and 
negligible methane emission (Adams et al. 2012; Livesley et al. 2012). This is due 
to the presence of active sulphate reduction in coastal and salt marsh sediments, 
which suppresses methanogenesis and most members of the methanogenic 
microbial community (Senior et al. 1982). When methanogenic and sulphate 
reducing bacteria are growing on common substrates like acetate, hydrogen and 
CO2, sulphate reducers outcompete methanogens. This occurs as sulphate 
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reducing bacteria grown thermodynamically and kinetically more favourably than 
the methanogens (Capone and Kiene 1988; Koizumi et al. 2003). In sulphate-rich 
tidal sediments of salt marsh environments, methanogens mainly rely on non-
competitive substrates such as methanol, and methylated compounds (e.g. 
methylamines, methanethiol and dimethyl sulphide), so as not to be out-competed 
but continue their activity at low rates (Senior et al. 1982; Kiene 1988; Parkes et al. 
2012). Previous studies showed that the methanogenic archaea community 
composition varies with environmental conditions as well as with soil organic 
carbon, sulphate and trimethylamine concentrations (Oliveira et al. 2014; Daane et 
al.  2001; Joye and Hollibaugh 1995; Capone and Kiene 1988). 
1.4.1.2 Nitrogen cycle 
The sequential oxidation of ammonia to nitrite and then to nitrate (nitrification) is the 
crucial step in the nitrogen cycle, which simultaneously channels some of the 
energy produced to fix CO2 (Valiela and Teal 1979; Konneke et al. 2005). This 
process is carried out by ammonia oxidising Betaproteobacteria (e.g. 
Nitrosomonas, Peng et al. 2013) and Gammaproteobacteria (e.g. Azotobacter, 
Angermeyer 2016), as well as archaea (e.g. Nitrososphaera and Nitrosopumilus, 
Peng et al. 2013; Santoro et al. 2008). In coastal wetlands and other ecosystems, 
nitrification is followed by denitrification, resulting in the eventual return of nitrogen 
to the environment. Denitrification in salt marshes is mainly carried out by 
Gammaproteobacteria (e.g. Pseudomonas denitrificans) and Bacillus 
thermodenitrificans (Jenkins and Kemp 1984; Sebilo et al. 2006; Bagwell et al. 
1998). In tidal wetland areas the fate of ammonia plays a vital role in nitrogen 
cycling, as the denitrification rates are greater, and the nitrogen is often the limiting 
element (Valiela and Teal 1979; Seitzinger et al. 1988; Howarth 1988). In estuarine 
environments, higher salinity and sulphate reduction also found to negatively affect 
the nitrogen dynamics (Joye and Hollibaugh 1995; Rysgaard et al. 1999; Giblin et 
al. 2010). Other factors of salt marsh environments such as tidal cycles, physico-
chemical gradients, vegetation structure, and its spatial arrangement, are also 
known to have a significant impact on abundance and community composition of 
nitrifying microbes involved in salt marsh nitrification (Bernhard et al. 2010; 




1.4.1.3 Sulphur cycle 
Sulphur is also an important element for growth, but high sulphide concentrations 
in coastal environments have encouraged the research on these ecosystems to be 
conducted towards toxicity of sulphides to the marine plants and animals (Raven 
and Scrimgeour 1997; King et al. 1982). Halophytes in general are found to be 
resistant to sulphide-rich salt marshes (Seliskar et al. 2004). Sulphate reduction to 
sulphide is a microbial process of particular importance in the anaerobic 
environments created within salt marsh depths and is mainly carried out by 
Deltaproteobacteria (e.g. Desulfovibrio, Desulfobacter, Desulfococcus, 
Desulfonema, Ansede et al. 2001; Rooney-Varga et al. 1998; Purdy et al. 2002a). 
Along with methanogenesis, sulphate reduction is a major terminal oxidation step 
in the flow of carbon and electrons. However, sulphide generated through the 
sulphur cycle is found to limit the anaerobic phase of the carbon cycle 
(methanogenesis) and nitrogen cycle rates (Capone and Kiene 1988; Koizumi et al. 
2003; Joye and Hollibaugh 1995; Rysgaard et al. 1999; Giblin et al. 2010). 
1.4.2 Methodologies Employed in Salt Marsh Microbiology Literature Studies  
Microbial consortia at different salt marshes has been analysed in the literature 
studies by sampling and analysing salt marsh sediments (Berrada et al. 2012; 
Aanniz et al. 2015), rhizosphere cores (Köpke et al. 2005) and halophytic tissues 
(Fidalgo et al. 2016; Bagwell et al. 1998) from various tidal or inter-tidal zones 
(McKew et al. 2013; Peng et al. 2013). 
The former salt marsh studies used molecular and/or culture-dependent 
techniques, primarily using the former. Molecular studies were commonly based on 
the extraction of community DNA followed by the construction, sequencing and 
analysis of clone libraries (Webster et al. 2010; Munson et al. 1997; Hou et al. 
2013). These techniques also included identifying microbial community abundance 
and distribution analysis by quantitative or real time PCR (Moin et al. 2009; Peng et 
al. 2013), fluorescent in-situ hybridisation analysis (FISH) (Llobet-Brossa et al. 
1998; Oliveira et al. 2012), terminal restriction fragment length polymorphism 
(TRFLP) (Peng et al. 2013; Córdova-Kreylos et al. 2006), phospholipid fatty acid 
(PLFA) analysis (Córdova-Kreylos et al. 2006), microarray method (Beazley et al. 
2012), denaturing gradient gel electrophoresis (DGGE) (Webster et al. 2010; 
Bowen et al. 2009), and isotope analysis of microbial biomarkers (Boschker et al. 
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1999). Most of these molecular-based microbial studies have used 16S rRNA gene-
based primers (Purdy et al. 2002b; Bowen et al. 2009; Webster et al. 2010; Hou et 
al. 2013). Additional primers encoding microbes’ functional genes have also been 
reported, e.g. nifH (Rocha et al. 2016) and ammonia monooxygenase subunit A 
(amoA) (Santoro et al. 2008; Peng et al. 2013), involved in nitrogen fixation; Hg 
reductase, merA gene responsible for mercury resistance (Rocha et al. 2016). 
Cultivation-based microbial studies of salt marsh environments in literature were 
mostly performed by inoculating salt marsh samples into a suitable liquid or solid 
growth medium. Some cultivation procedures were preceded by the aim-specific or 
microbe-specific sample treatments e.g. surface sterilisation and sample crushing 
in the case of plant tissue studies (Gayathri et al. 2010), pasteurisation (for isolation 
of Gram-positive, spore-forming bacteria, Daane et al. 2001), and enrichments in 
media supplemented with specific substrates and microcosm experiments (McKew 
et al. 2011; Bohórquez et al. 2017). Microbes promoting plant growth were explored 
using growth media supplemented with chemicals such as tryptophan (to test indole 
acetic production, Navarro-Torre et al. 2016; Gayathri et al. 2010) and phosphate 
(to determine microbial phosphate solubilization, Navarro-Torre et al. 2016). Certain 
functional groups of microbes were studied by making media deprived of substrates 
such as a nitrogen-free medium for diazotroph (Bagwell et al. 1998; Bagwell et al. 
2001) and a reduced medium for sulphate-reducers and methanogens (Rooney-
Varga et al. 1998; McKew et al. 2013). Thus, in these experiments sample pre-
treatment and growth media selection played an important role in the cultivation and 
isolation of representative isolates as well as microbes of specific physiological 
interests from the sampled environment. 
Post-cultivation identification and characterisation of isolated microbes was mostly 
performed by phylogenetic identification (Cho and Giovannoni 2004), TRFLP 
(Rooney-Varga et al. 1998), PCR-based fingerprinting (Berrada et al. 2012; Fidalgo 
et al. 2016), DGGE (Johnston et al. 2017; McKew et al. 2007), and PLFA (Daane 
et al. 2001; Taylor et al. 2013). Additionally, physiological profiles of microbial 
communities were traced by either using pure isolates or sediments directly 
sampled from salt marshes. It was performed by inoculating the samples into 
biochemical miniaturized test kits such as API®, BIOLOGTM (Gilewicz et al. 1997; 
Bagwell et al. 1998; Bagwell et al. 2001) and MPN test tubes (Köpke et al. 2005; 
Lydell et al. 2004), and then interpreting the growth results post-incubation. 
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Such an array of sample analysis techniques employed in salt marsh studies have 
also showed some result variations due to the method selections. e.g. 
underestimation of Firmicutes in molecular-based methods (<1%) (Filippidou et al. 
2015; Cupit et al. 2019) as compared to their increasing proportions (5-10%) found 
in culture-dependant (Fidalgo et al. 2016; Berrada et al. 2012; Köpke et al. 2005), 
microcosm (McKew et al. 2013) and dipicolinate assay methods (Fichtel et al. 2008; 
Langerhuus et al. 2012; Lomstein et al. 2012), can be related to the inability of 
conventional DNA extraction reagents to extract DNA from the rigid structures of 
Firmicutes in endospore form (Filippidou et al. 2015; Cupit et al. 2019) and 
estimation of their vegetative forms only. Furthermore, selective media components 
and growth conditions can restrict certain microbial population. e.g. an aerobic 
incubation of samples would limit the growth of some Bacteroidetes, sulphate 
reducers and methanogens as their multiplication is restricted in the presence of 
oxygen (Bacic and Smith 2008; Meehan et al. 2012; Thomas et al. 2011; Rooney-
Varga et al. 1998; McKew et al. 2013). 
1.4.3 Previous Salt Marsh Studies In the UK 
According to a recent survey, the total extent of salt marshes in the UK was found 
to be approximately 45,500 ha (England 32,500 ha, Scotland 6,747 ha, Wales 6,089 
ha, and Northern Ireland 215 ha) (JNCC 2019, viewed November 2020). These 
marshes mainly exist in estuaries of low-lying land in the East and North-West of 
England, and in Wales. A large number of very small salt marsh sites are situated 
at the heads of sea lochs, embayments and beaches in North-West Scotland. 
Smaller areas of salt marshes are also observed in the estuaries of Southern 
England and the firths of East and South-West Scotland (JNCC 2019, viewed 
November 2020). 
The available literature of UK salt marshes for microbial studies evaluates their 
faecal pollution, microbe responses to the dynamic salt marsh environments, 
nutrient availability, hydrocarbons, isoprene exposures etc. as follows. 
Using inoculation and membrane filtration techniques, sewage inputs were 
identified as critical sources of faecal population in the estuarine waters of Ribble 
estuary, North-West England, UK (Kay et al. 2005; Stapleton et al. 2008). Faecal 
indicator concentration, and its relation to the land usage data and environmental 
parameters, was also predicted at the Ribble estuary using a stepwise regression 
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model that combined water quality analyses with land cover data, predicted through 
digital maps. Water analysis involved screening sediment samples for total 
coliforms, faecal coliforms and intestinal enterococci, performed with membrane 
filtration and growth on suitable media, followed by the counting of colony forming 
units (Kay et al. 2005; Stapleton et al. 2008; Crowther et al. 2001). This model-
based approach, which was applied to investigate the quality of coastal bathing 
waters within the Ribble estuary, showed the significance of combined routine 
monitoring of microbial and environmental data (Crowther et al. 2001), as well as 
the substantial role of physico-chemical processes (Boye et al. 2015), tidal 
activities, inputs of upstream boundaries (Gao et al. 2015), and sediment transport 
processes (Huang et al. 2017a) in the distribution of faecal bacteria at the estuary 
sites. 
Furthermore, faecal pollution in the estuarian and catchment sediments of Ribble 
estuary and Conwy estuary, North Wales, UK, were studied through the cultivation, 
isolation and enumeration of coliforms (Hassard et al. 2017), which showed an 
abundance of Escherichia coli and Enterococcus spp. Physico-chemical factors 
such as the grain size, porosity, clay content and concentrations of Zn, K, and Al in 
salt marsh sediments, as well as seasonal variations, were suggested to further 
contribute to this observed abundance of faecal microbes (Hassard et al. 2017). 
Microcosm enrichments reported in UK salt marsh studies to identify the responses 
of microbes to the fluctuating conditions of estuarine environments (McKew et al. 
2011), microphytobenthic exopolysaccharides (Bohórquez et al. 2017; Taylor et al. 
2013) and isoprene production (Exton et al. 2012; Johnston et al. 2017), and 
bioremediation (Coulon et al. 2007; McKew et al. 2007), are elaborated in upcoming 
sections. These experiments were followed by molecular-based microbe analysis 
such as microbial community-based DNA extraction, DGGE, RT-PCR, 16S rRNA 
gene cloning, sequencing etc. 
McKew et al. (2011) studied the effects of alternative wetting and desiccating 
phases created by tidal cycles on benthic microbial communities at the Colne Point 
salt marsh (Colne estuary, UK). This experiment showed significant restructuring, 
resistance, and resilience of the microbial community composition as the salt marsh 
salinities were varied across these phases. It also detected dominating sequences 
of Proteobacteria, mainly Alphaproteobacteria and Gammaproteobacteria, in both 
desiccated and wet salt marsh sediments. 
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A couple of studies also highlighted the significance of different types of 
extracellular polymeric substances (EPS) present in the intertidal sediments of UK-
based estuaries (Taylor et al. 2013; Bohórquez et al. 2017). EPS produced by 
diatoms and bacteria present in the microphytobenthic biofilms of intertidal 
sediments of Pye-fleet mudflat and Alresford Creek in the Colne Estuary were 
studied by Taylor et al. (2013) based on slurry experiments conducted in the dark. 
These carbohydrate rich compounds, though estimated to be only 5% of the 
sediments’ dissolved organic carbon (DOC) pool, were recycled rapidly before other 
sediment-carbohydrate and DOC fractions, and thus shown to be one of the most 
efficient fuel sources in estuarine environments. Among the observed diverse range 
of bacterial 16S rRNA gene sequence clones, Alphaproteobacteria (Azospirillum 
and Skermanella) and Gammaproteobacteria (Pseudomonas, Pantoea, and some 
Acinetobacter) were found to be the dominant EPS degrading clones in this study 
(Taylor et al. 2013). 
Furthermore, two different types of EPS components, colloidal EPS and the more 
complex hot-bicarbonate-extracted EPS, recovered from the diatom-dominated 
biofilms of Alresford creek mudflat of Colne Estuary, were evaluated to test their 
degradation rates and effects on heterotrophic bacterial communities (Bohórquez 
et al. 2017). An aerobic mudflat-sediment slurry experiment was performed in the 
dark with these two EPS extracted components and their degradation rate was 
determined, followed by pyrosequencing of bacterial 16S rRNA genes. This study 
showed higher degradation rate constants of colloidal EPS, whereas hot-
bicarbonate-extracted EPS was an important source of regenerated inorganic 
nutrients. Both types of EPS components greatly altered the bacterial community 
composition and showed a significantly increased relative abundance of 
Bacteroidetes (especially Tenacibaculum) and Verrucomicrobia (Bohórquez et al. 
2017). These studies thus improved our understanding on carbon cycling and 
showed the importance of diverse microbiota participating in these vital processes 
of estuarine sediments (Taylor et al. 2013; Bohórquez et al. 2017). 
One of the most abundant hydrocarbons released into the atmosphere is a volatile, 
organic compound called isoprene (Sharkey et al. 2008). This compound is known 
to play important roles in providing carbon and energy benefits to marine 
heterotrophic bacteria (Alvarez et al. 2009), protection from oxidative stress 
(Vickers et al. 2009), weather patterns (Ziemann 2009; Meskhidze and Nenes 
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2006) etc. To identify the main biogenic sources of isoprene production, and to 
evaluate spatial and temporal factors affecting the availability of this compound in 
estuarine environments, Exton et al. (2012) analysed the samples from Hythe, 
Wivenhoe, Alresford, and Brightlingsea sites of Colne Estuary. This study showed 
the potential significant role of estuaries as isoprene sources, and variations in the 
isoprene production by their changing tidal cycles, seasons, and light availability. 
Intertidal microphytobenthic algal communities were found to be the main isoprene 
producers in this temperate estuary. Microbial degradation of isoprene in estuarine 
environments was further illustrated by Johnston et al. (2017) by sampling four sites 
in the UK - Wivenhoe and Hythe sites of Colne estuary, Western Channel 
Observatory (L4 sampling station) of Plymouth, and Penarth, South Wales. This 
study included sample enrichment and isolation, DNA-stable isotope probing, 
physiology and molecular characterization of isolated microbes, through which 
microbial communities, mainly Actinobacteria including genera Mycobacterium, 
Rhodococcus, Microbacterium and Gordonia, were observed to be the dominant 
isoprene degraders. 
Bioremediation activities at Stanford le Hope salt marsh of Thames estuary, UK, 
were assessed with microcosms established using salt marsh seawater and 
supplemented with different petroleum hydrocarbons by McKew et al. (2007). When 
examined for the microbial communities, this experiment showed the microbial 
degradation of these hydrocarbons to be partitioned between different bacterial 
taxa.  Degradation of n-decane, polycyclic aromatic hydrocarbons, pristane and n-
alkane (C12–C32) containing microcosms showed dominant 16S rRNA gene 
sequence clones of Thalassolituus, Cycloclasticus, Alcanivorax and Thalassolituus 
oleivorans respectively (McKew et al. 2007). Another study conducted at Stanford 
le Hope marsh (Coulon et al. 2007) performed a microbial analysis of its water 
samples for further understanding of microbial activities and regulating parameters 
responsible for petroleum hydrocarbon-degradation that exist in such temperate 
marine environments. Microcosm models set up using these estuarine waters and 
crude oil exhibited pre-adapted oil-degrading microbial communities. These 
microbes were found to be more affected by variation in temperature than the 
addition of nutrients to the marsh sediments. Major clones related to Oleispira were 
found as an alkane degrader at 4 °C conditions, and Thalassolituus, Cycloclasticus, 
and Roseobacter were detected at both 4 °C and 20 °C. This indicated the thermo-
versatility of these hydrocarbonoclastic organisms (Coulon et al. 2007). These 
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studies conducted on seawater samples collected from the Stanford le Hope salt 
marsh, which neighbours the Shell-Haven and Coryton BP oil refineries, showed 
the intrinsic potential of microbes in remediating petroleum hydrocarbon-impacted 
estuarine environments, and Thalassolituus as the dominant crude oil degrader 
(McKew et al. 2007). 
Studies on sulphate reducing bacteria (Banat et al. 1981; Balba and Nedwell 1982), 
and molecular-based evaluation of archaeal and methanogenic microbial diversity 
(Munson et al. 1997; Purdy et al. 2002b) for UK-based salt marshes has been 
attempted before at Colne estuary. Analysis of intertidal sediments collected from 
the Ray Creek, Colne Point salt marsh of Colne estuary identified the coexistence 
of two distinct, acetate utilising and hydrogen oxidizing groups of sulphate-reducing 
bacteria in salt marsh sediments, which displayed differential response to sulphate 
reduction inhibitors (Banat et al. 1981). This analysis also showed no methane 
production as acetate, a substrate required for methanogenesis was competitively 
utilised by the sulphate reducers instead (Banat et al. 1981). 
Volatile fatty acids such as acetate, propionate and butyrate that have active role in 
methanogenesis and sulphate reduction were analysed for their anaerobic 
metabolism at different depths of Colne Point salt marsh sediments via slurry 
experiments and gas chromatography (Balba and Nedwell 1982). In this 
experiment, the rate of acetate turnover was found to be far greater than that 
through either propionate or butyrate, and it gradually ceased with increased 
sediment depth. Oxidation of acetate was furthermore linked to the activity of 
sulphate-reducing bacteria, which are the major acetate-utilisers in salt marshes 
(Balba and Nedwell 1982). 
The tidal creek and adjacent area of vegetative marshland of Colne Point salt marsh 
that showed active methanogenesis were further analysed for its 16S rRNA gene 
sequence-based archaeal phylogenetic diversity by Munson et al. (1997). This 
study revealed wide range of sequences related to Euryarchaeota and marine 
group II archaea, and sequences related to those of methanogens such as 
hydrogen utilising Methanoculleus and Methanogenium, and non-hydrogen utilising 
Methanococcoides and Methanolobus. However, most of the clones were 




Unique distribution of methanogenic microbial communities and their adaptabilities 
to the different conditions of brackish and marine ends of Colne estuary (East Hill 
Bridge on the river Colne and Colne Point salt marsh respectively) was explained 
by Purdy et al. (2002b).  The most common sequenced clones observed at the 
brackish end of Colne estuary were related to Methanosarcina, 
Methanocorpusculum, and obligate acetate utilising Methanosaeta concilii. 
Whereas at marine end, abundant gene libraries of marine benthic group D and 
halophilic archaeal genotypes, as well as clones closely related to Methanoculleus 
and Methanococcoides were detected. 
1.5 PRESENT STUDY SITES AND INVESTIGATIONS 
Salt marsh environments in England are mostly confined to the coastline and are 
usually developed on intertidal land within the range of the normal spring tides (Burd 
1989). After the Anglian region (15,255 ha), the North-West region of England has 
the second largest area of salt marsh (12,018 ha) (Phelan et al. 2011). These 
regions include the study sites Fingringhoe Wick Nature Reserve and RSPB 
Marshside Nature Reserve respectively. These geographically distinct marshes 
also have clear climatic differences (Met Office, n.d., viewed December 2020). 
RSPB Marshside and Fingringhoe Wick marshes are located at the Ribble and 
Colne estuaries respectively. Both these estuaries comprise the largest areas of 
salt marshes of England and are areas of Special Scientific Interest as well (Nature 
England, n.d.(a), viewed June 2020). As described in section 1.4.3 of this chapter, 
estuarian and catchment sediments of Ribble estuary were described for the 
microbiology studies to detect faecal pollution (Kay et al. 2005; Stapleton et al. 
2008; Crowther et al. 2001; Hassard et al. 2017; Boye et al. 2015; Gao et al. 2015; 
Huang et al. 2017a). Colne Point salt marsh, Alresford Creek, Pye-fleet mudflat, as 
well as the Hythe, Wivenhoe, and Brightlingsea sites of Colney estuary were tested 
for diverse microbial evaluations (McKew et al. 2011; Taylor et al. 2013; Bohórquez 
et al. 2017; Exton et al. 2012; Johnston et al. 2017; Munson et al. 1997; Purdy et 
al. 2002b; Banat et al. 1981; Balba and Nedwell 1982; Purdy et al. 2002b). 
However, these literature studies clearly show the scarce documentation on 
cultivation and isolation-based approaches, and the absence of any study of 
culturable microbial diversity in UK-based salt marshes. The reasons clearly seem 
to be affiliated with the methodological shift towards molecular-based technologies. 
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As described in previous sections, the gradient-rich, extreme and dynamic 
environments of salt marshes embrace a plethora of phylogenetically and 
functionally diverse microorganisms. Features such as distinct geographical 
locations and climate variations, which exist at the study sites, would further 
contribute to the composition and richness of microbial diversity of salt marshes 
(Córdova-Kreylos et al. 2006; Chaudhary et al. 2018; Bardgett et al. 2008; Webster 
et al. 2015). Moreover, the exceptional resilience and survival success of 
microorganisms in these fluctuating environments (McKew et al. 2011; Angermeyer 
et al. 2018; Bowen et al. 2009) make salt marshes suitable hotspots for exploring 
microbial diversity (Navarro-Torre et al. 2016; Gayathri et al. 2010). Also, studies of 
microbes adapted to thrive in such extreme environments are beneficial as these 
microbes can serve as effective environmental or biotechnological resources even 
in extreme conditions (Sánchez‐Porro et al. 2003; Rao et al. 2010; Gangola et al. 
2018). However, the recent methodological divergence towards molecular-based 
studies observed in salt marsh research areas has limited the exploration of 
cultivable microbial diversity from these sites, and there is still a large pool of 
uncultured, novel microbes in these environments (Salman et al. 2015; Mußmann 
et al. 2005). Biochemical and physiological features of many of these microbes have 
also remained unknown. The hidden potential of diverse microbial populations and 
the scarce documentation of cultivation-based microbial findings at UK salt marshes 
such as the study sites have therefore motivated the present study to explore the 
cultivable microbial diversity of these habitats. 
This knowledge gap is partially addressed in the present study by conducting 
microbial cultivation, isolation and phylogenetic identification experiments, aimed to 
isolate and analyse microbes from the two marsh sites, RSPB Marshside and 
Fingringhoe Wick Nature Reserve, UK. The experiments were conducted to isolate 
and identify the diverse microbes including any potential and/or novel species 
(chapter 3). 
Follow up studies for the potential novel bacteria identified in the present study 
(chapter 4) involved full characterisation of two of the potential novel isolates 
(MARW_01-07-02T and MARW_01-02-27T) via polyphasic analysis, which  was 
performed in accordance with the standards of prokaryotic novel species 
description (Arahal et al. 2007; Stackebrandt and Ebers 2006; Richter and 
Rosselló-Móra 2009; Chun et al. 2018). 
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For the novel species description the current microbial taxonomy demands the 
addition of good quality genomes of the novel species and their genome description 
(Klimke et al. 2011). This was accomplished in chapter 5 of the present study by 
sequencing and analysing the draft genomes of the two novel isolates (MARW_01-
07-02T and MARW_01-02-27T). It was also considered beneficial to explore and 
highlight the virulence, adaptation, and ecological and biotechnological potential of 
these novel species through genome annotation. 
The natural habitats of most of the microbes are dynamic and gradient-rich 
(Emerson et al. 1994; Brune et al. 2000). Cultivating microbes from such gradient-
rich environments demands the replication of environmental gradients in the lab, for 
which the plate diffusion method could be an effective solution. A gel-stabilised 
gradient plate diffusion method was developed to mimic the environmental 
gradients and to extend its application as a new technique for the cultivation and 
isolation of microbes from gradient-rich environments, as described in chapter 6 of 
the present study. 
Thus, the overall aims of this study can be summarized as  
1) To explore the microbial diversity of salt marshes in the UK through cultivation, 
isolation and phylogenetic identification 
2) Full characterisation of potential novel microbial isolates through polyphasic 
analysis  
3) Draft genome sequencing of the two novel bacterial isolates and their genome 
description 
4) Development of a promising cultivation tool that mimics the gradient-rich 




























2.1 SAMPLE COLLECTION AND PHYSICO-CHEMICAL ANALYSIS  
Salt marsh water samples were collected from the marsh creek and/or small ponds, 
in sterile 500 ml wide mouth polypropylene bottles. Bottles were open when 
submerged under water, overflowed with sample to ensure air removal from the 
bottles and closed immediately. At Fingringhoe Wick Nature Reserve, additional 4–
5 cm deep soil sediment core samples were taken from the immediate area 
surrounding the marsh creek or small ponds using sterile 50 ml polypropylene tubes 
and were stored in the same tubes. Wherever possible, these samples were taken 
at different salt marsh locations- lower, and mid marsh; at approximately 50 m apart 
from each other, to capture the ecological variation. Sample bottles and tubes were 
immediately covered with aluminium foil and packed individually in poly bags to 
prevent cross-contamination during sampling. All samples were then immediately 
transported to Edge Hill university, Biology lab and refrigerated in lab at 4 °C in dark 
until its physico-chemical and microbial analysis was performed. Majority of 
samples were analysed within two to three days of sample collection. 
Sample coding system was used to identify each microbial isolate retrieved from 
these samples e.g., in case of isolate, MARW_1-7-2; MARW indicates water sample 
collected at RSPB Marshside, at first sample collection visit, isolated from a seventh 
sample, and it was a second isolate retrieved from this sample. 
In-situ analysis of temperature and salinity, as well as in-house measurement of 
pH, salinity and other physico-chemical parameters for the collected water and soil 
(10 gm% (w/v) dilution in sterile distilled water) samples was performed as shown 
in Table 2.1. Phosphate, iron, ammonium, and nitrite measurements were 
conducted as per manufacturer’s instructions by the sequential addition of test 
reagents to the samples followed by respective incubation times. 
  
Table 2.1 Physico-chemical parameter analysis 
Parameters Instruments 
Temperature and pH  Portable meter (Hanna, HI-9811-5) 
Salinity Hand refractometer (Atago, S-28E, Japan) 
Phosphate, Iron, Ammonium, 
Nitrite 
Sea water test kits (Merck, 1.14661.0001, 1.14660.0001, 




2.2 MICROBIAL CULTIVATION, ISOLATION AND CULTURE 
MAINTENANCE 
For inoculation, 100 µl of water samples (dilution 100–10-4 in 0.85% sterile saline) 
and 10% (w/v) soil sediment samples (dilution 10-1–10-3 in 0.85% sterile saline) were 
taken. Samples’ inoculation and subsequent microbial isolation was performed 
using sterile growth media; R2A agar (R2A, Oxoid™, CM0906), nutrient agar (NA, 
Oxoid™, CM0003) and marine agar (MA, Difco™, 2216). Compositions of all these 
media are mentioned in Tables 2.2, 2.3 and 2.4 respectively. These media were 
prepared in two different sets to cover the pH and salinity range observed at study 
salt marsh sites. One media set was prepared with 4% (w/v) sodium chloride (NaCl) 
and pH 7.5 (as per MA, Difco™, 2216 instructions), and second set at NaCl 
concentration 2.5% (w/v) and pH 8. MA provided most of the minerals and nutrients 
required for the growth of heterotrophic marine bacteria. The nutrient limited R2A 
agar stimulated the growth of slow growing, stressed microbes from salt marsh 
ecosystem and NA supported growth of a wide range of non-fastidious organisms 
(Culotti and Packman 2014; Reasoner and Geldreich 1985). 
Additionally, for the isolation of oligotrophic microbes, water samples collected from 
the RSPB Marshside in June 2017 were inoculated with different concentrations of 
peptone (Oxoid, LP0037) and yeast extract (BD, 288620) in two sets (Table 2.5) 
and incubated at 35 °C in shaker incubator for 24 h, at 250 rpm. Post incubation 
these samples were streaked on R2A, NA and MA plates and incubated at 35 °C 
for 2-3 days. While streaking, 50µl of serially diluted (10-1–10-4) enriched sample 
was spread inoculated in one quadrant of the plate, allowed to settle aseptically for 
10–15 min. From this first quadrant, sample was then streaked into second, third 
and fourth quadrant while sterilizing the wire loop in-between. This modified 
streaking method was employed to get the maximum and diverse isolated colonies 
from the incubated samples. 
After performing the initial inoculation experiments for the first batch of samples 
collected from the RSPB Marshside, MA medium was exclusively chosen in further 
cultivation experiments for its ability to produce greater number of diverse and well 
isolated colonies. Other media were not absorbing enough (somewhat of 
hydrophobic nature) to uniformly spread inoculate the marsh samples and 
insufficient to give isolated, diverse colonies. 
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Post incubation, microbial isolates with diverse colony characteristics (e.g., colour, 
shape, size, opacity, consistence, texture, margin, elevation) were selected from 
each sample inoculated media plates. Individual isolates were then passed through 
a series of sub-culturing on their respective grown medium until it imparts the pure 
culture for three consecutive plating. 20% glycerol (Benchmark Supplies, GL2878) 
stocks of these pure isolates were prepared in their respective liquid growth medium 
with required NaCl concentration and stored at Tech hub biotechnology lab, Edge 
Hill University in -80 °C deep freezers. Their post-cryopreservation viability and 
purity was confirmed by re-growing them on suitable agar medium. 
 
Table 2.2 Composition of R2A agar (Oxoid™, CM0906), components g/L 















Sodium pyruvate 0.3 
Agar 15.0 
 
Table 2.3 Composition of nutrient agar (Oxoid™, CM0003), components g/L 
Lab-Lemco powder 1.0  
Yeast extract 2.0 
Peptone 5.0 









Table 2.4 Composition of marine agar (Difco™, 2216), components g/L 
Peptone 5.0  
Yeast extract 1.0  
Ferric citrate 0.1  




















Boric acid 0.022  
Sodium silicate 0.004  







Agar 15 .0 
 
Table 2.5 Peptone and yeast extract concentrations adjusted for enrichment of samples 
collected from RSPB Marshside in June 2017, components g/L of sea water 
 Set 1 Set 2  





2.3 CYTOLOGICAL AND PHYSIOLOGY OBSERVATIONS  
All cytology and physiology tests were performed on MA medium unless specifically 
mentioned. For quality control, Escherichia coli (DSM 30083T) and Micrococcus 






2.3.1 Gram Staining 
Gram character of the isolated microbes was confirmed following Hucker’s modified 
Gram staining method ‘A’ (Hucker and Conn 1923). Crystal violet (0.5% alcoholic 
solution), Grams Iodine, 95% ethyl alcohol, Safranin were used as a primary stain, 
mordent, decolorizing reagent and counterstain respectively. A single young colony 
emulsified in sterile saline was smeared on a clean, grease free slide, air-dried and 
passed over the Bunsen burner flame two to three times with the smear-side up. 
Overheating was avoided at this stage as it can cause distortion of cellular 
morphology. Smear was then flooded with crystal violet and gently rinsed with 
distilled water after 1 min. Later smear was covered with Gram’s iodine for 45 s, 
gently rinsed with distilled water and decolorised using 95% ethyl alcohol. During 
decolourisation, slide was slightly tilted and applied with the alcohol drop by drop 
for 5 to 10 s until the alcohol runs almost cleared. Decolorized smear immediately 
rinsed with water and flooded with safranin for 1 min. Smear again rinsed with 
distilled water, allowed to air dry and observed under a light-microscope using oil-
immersion 100x objective lens. 
2.3.2 Motility test 
Hanging drop method was performed to observe the motility of the isolates 
(Gerhardt et al. 1981). Vaseline cream was placed at the four corners of square 
glass coverslip. A small drop of freshly prepared saline suspension of single young 
colony was placed on the middle portion of it. A cavity glass-slide was then placed 
on this coverslip, lifted and inverted gently so that a microbial culture formed a 
hanging drop in the cavity of the slide. The outer margin of this drop was located 
and observed for motility under a light-microscope using 10x and 40x objective 
lenses. 
2.3.3 Catalase test  
Isolates were tested for the presence of an enzyme catalase by aseptically 
transferring a small amount of freshly grown biomass onto a glass slide already 
containing 2–3 drops of freshly prepared 3% hydrogen peroxide (H2O2, 6%w/v L.R., 
purity 5.75%, Timstar Lab Supplies LTD., 681234). Care was taken to transfer the 
culture using a disposable plastic loop. The observed rapid evolution of oxygen 
(within 5–10 s) as evidenced by bubbling was considered a positive test for 
catalase. Negative reaction (absence of catalase enzyme to hydrolyse the H2O2) 
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was reported for no bubbles. A weak positive test was allocated for weak 
effervescence appeared after 5–10 s (Reiner 2010). 
2.3.4 Oxidase test  
Determination of bacterial cytochrome oxidase was performed using 
TestOxidase™ (Pro-Lab diagnostics, PL 390) reagent. 1–2 drops of this reagent 
were added to a clean cotton bud stick. Using a disposable plastic inoculating loop, 
a medium size colony was removed from the surface of an agar medium and rubbed 
onto the reagent-saturated area of the cotton bud. The production of a distinct blue 
or purple colour developed on the cotton bud within 30 s was considered as positive 
oxidase test. Negative reaction was noted for the absence of a distinct blue or 
purple colour. 
While performing oxidase test precautionary measures such as use of fresh 
bacterial cultures; not older than 48 h, results interpretation within 30 s and use of 
plastic disposable loops were followed. Inoculation loops of nickel-base alloy wires 
containing chromium and iron (nichrome) were not used as this can give false 
positive results. Simultaneously, the oxidase test was performed from the medium 
containing no fermentable sugar, in this study for e.g., from MA. Fermentation of a 
carbohydrate results in acidification of the medium (e.g., lactose in MacConkey agar 
or sucrose in Thiosulphate-citrate-bile salts-sucrose agar), and a false negative 
oxidase test may result if the surrounding pH is below 5.1. 
2.4 OPTIMUM GROWTH REQUIREMENT 
Optimum growth conditions of potential novel isolates were tested in this study at 
different temperatures, NaCl concentrations, and pH as shown in Table 2.6. 
These test conditions were set for the individual isolates with reference to the 
species description literature of their closest phylogenetic relatives (Lee et al. 2005; 
Arahal et al. 2002a; Diéguez et al. 2020; Gauthier et al. 1995b; Ivanova et al. 
2002c). 
For MARW_1-7-2T, growth condition studies were conducted in liquid growth 
medium A containing (w/v) 0.5% yeast extract, 0.3% sodium citrate, 2% 
MgSO4.7H2O, 0.2% KCl (Poli et al. 2013). pH and NaCl concentrations were 
adjusted as per requirement. Medium A was used in this experiment because it is 
described in species description of Halomonas smyrnensis (Poli et al. 2013); which 
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is the closest phylogenetic relative of MARW_1-7-2T on NCBI’s blastn tool and its 
transparency allowed accurate spectrophotometer readings of the bacterial growth. 
For MARW_1-7-2T, to further evaluate its dependence on NaCl and other marine 
salts, an additional experiment was conducted by observing its growth in a nutrient 
broth (NB) medium of pH 6.5–7; supplemented with 0% and 3% (w/v) NaCl. 
MARW_1-2-27T growth studies were conducted in a liquid medium containing 
synthetic sea water supplemented with 0.3% (w/v) peptone and 0.1% (w/v) yeast 
extract. Artificial sea water was prepared in lab and contained (w/v) 0.5% MgCl2, 
0.4% Na2SO4, 0.1% CaCl2, 0.07% KCl, 0.02% NaHCO3, 0.01% KBr, 0.003% H3BO3 
(Lyman and Fleming 1940; prepared without 0.024% SrCl2). NaCl concentration 
and pH of growth medium was adjusted as per requirement. This medium was 
selected for MARW_1-2-27T as it is described for one of its closest phylogenetic 
relative Pseudoalteromonas piscicida (Bein 1954) and its transparency was suitable 
for spectrophotometric growth studies. 
NaCl and pH adjustments were performed using a hand refractometer (Atago, S-
28E, Japan) and pH electrode meter (Mettler Toledo) respectively. Temperature of 
the shaker incubator was adjusted to the required value by a thermometer. The 
growth studies at different pH values were conducted by supplementing their growth 
media with 1M hydrochloric acid (HCl) or 1M sodium hydroxide (NaOH) and 
buffering agents: MES (Sigma M1317, useful for pH range 4-6), HEPES (Sigma 
83264, for pH 6–8), CAPSO (Sigma C2278, for pH 9–10) and CAPS (Sigma C2632, 
pH 9.5–11) at final concentration of 30 mM. Media ingredients were dissolved in 
distilled water in double strength, adjusted to the required pH value and autoclaved. 
60 mM of required buffer was prepared separately in sterile distilled water. 
Autoclaved medium and its respective buffer were mixed in equal volumes and filter 
sterilised in aseptic conditions. For every batch of pH experiment, buffered media 
were freshly prepared and used for the growth studies as soon as they were filter 
sterilised. 
For every batch of growth study experiment, a fresh stock of microbial inoculum of 
OD600nm 0.08–0.1 was prepared in its respective medium. 4–5 ml of this inoculum 
was distributed in multiple glass tubes (tube volume approx. 50 ml) and immediately 
allowed to incubate on a shaker incubator at the required growth temperatures. Use 
of these multiple glass tubes maintained the required growth conditions throughout 
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the experiment even while withdrawing the samples from the incubator for turbidity 
measurement at different time intervals. 
At different time intervals of incubation, three sample tubes were withdrawn and 
measured for their bacterial growth in terms of turbidity using spectrophotometer 
(VWR, UV-1600PC) at 600nm wavelength. During these measurements, respective 
sterile liquid growth medium was used for zeroing of the spectrophotometer and for 
the dilution of incubated cultures if required. An average of these three absorbance 
values was taken for the final growth analysis. This observed optical density was 
then plotted against the total incubation time and the resultant curves were 
observed at semi-log scale for optimum growth at all test parameters. 
 
Table 2.6 Optimum growth parameters tested for the potential novel isolates MARW_1-7-
2T and MARW_1-2-27T 










 Temp. (°C) 5-10-15-20-25-30-35-37-40-45-
50-55 
Growth medium NaCl 10% 
(w/v) and pH 7 
NaCl % (w/v) 0-1-3-5-10-12-15-20-25-30 Temp. 35 °C and growth 
medium pH 7  
pH 4.2-5-6-6.3-6.6-7-7.4-8.3-8.7-9-
10 
Temp. 35 °C and growth 














Growth medium NaCl 4% 
(w/v) and pH 7.5 
NaCl % (w/v) 0-0.5-1-2-3-5-6-7-8-9-10-12-
13-14-15 
Temp. 35 °C and growth 
medium pH 7.5  
pH 5-5.5-6-6.3-7-7.5-8-8.5-9-9.6 Temp. 35 °C and growth 
medium NaCl 1% (w/v)  
 
2.5. BIOCHEMICAL TESTS  
To confirm the novel status of MARW_1-7-2T and MARW_1-2-27T, additional 
physio-chemical tests were performed in triplicate by incubating the isolates in 
commercially available miniaturized biochemical test strips. Acid production from 
various carbohydrates was analysed using an API® 50 CH bacterial identification 
kit (bioMérieux SA, 50 300). The substrate oxidation patterns and chemical 
sensitivity were examined using BIOLOG GEN III MicroPlatesTM (Biolog Inc., 1030). 
Other physiological properties and enzyme activities were assayed by API® 20 E 
(bioMérieux SA, 20 100) and API® ZYM kits (bioMérieux SA, 25 200). 
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Some preliminary experiments were performed to decide the culture density and 
incubation time required by each isolate for these test kits. The manufacturer’s 
standard test protocol was followed with some minor modifications to make it 
suitable for the testing of study cultures. These modifications were implemented 
after its discussion with the test strip manufacturer’s research advisors. Individual 
tests for each isolate were carried out aseptically using freshly grown pure culture 
(on MA) at similar test conditions of density of inoculum, incubation time and 
temperature. Before conducting these tests, the test kits, and their inoculation 
media were brought to the room temperature. The respective sterile inoculation 
media were supplemented with autoclave sterilized NaCl powder to get the final 
salinity of 3% (w/v) and 1% (w/v), which were the optimum salt requirement of 
MARW_1-7-2T and MARW_1-2-27T respectively. Once inoculated with the isolate, 
all test plates were incubated at 35 °C. 
During test procedures care was taken to make the inoculum free of clumps, not to 
carry over the growth medium (MA) into inoculation fluid, avoid air bubble formation 
while dispensing the specimen into wells and avoid cross-contamination of 
substrates in between the test-wells by inoculating the culture using separate 
micropipette tip for each well. 
2.5.1 API® 50 CH Test 
API® 50 CH test strip (bioMérieux SA, 50 300) comprising 49 biochemical tests is 
designed to study the carbohydrate (and its derivatives) metabolism of 
microorganisms (Table 2.7). It requires API® 50 CHB/E medium (bioMérieux SA, 
50430, designed for Gram-negative rods and Bacillus sp.) for inoculum preparation. 
Once inoculated and incubated with the specimen; positive test result is revealed 
through the colour change of the substrates in the microtubes of the test strips. This 
colour is developed though the detection of acid (product of the microbial 
carbohydrate fermentation) by the pH indicator phenol red present in the inoculation 
medium. 
API® 50 CH test procedures were performed in a sterile environment, following the 
steps mentioned ahead. Test strip was placed in an incubation box made up of tray 
and lid (provided by the manufacturer). About 10 ml of sterile distilled water was 
distributed into the honey-combed wells of the tray to create a humid atmosphere 
during incubation.  
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For the specimen preparation and inoculation of API® 50 CH strips, several identical 
microbial colonies of the isolate were suspended in an API® 50 CHB/E medium, 
homogenized carefully by pipetting to obtain a final turbidity equivalent to 0.8–1 at 
600nm. Using a sterile micropipette tips 150 µL of freshly prepared specimen was 
dispensed in each tube of the test strip. Post inoculation tray was covered with the 
lid and incubated for 6–7 days. 
Results of the inoculates test strips were recorded every after 10–12 h of total 
incubation. A positive test was confirmed by the colour developed due to 
acidification and was revealed by the colour change of the phenol red indicator 
contained in an API® 50 CHB/E medium from red to yellow. For the esculin test, a 
positive result was confirmed by a change in media colour from red to black. 
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Table 2.7 The composition of the API® 50 CH Test strips (bioMérieux SA, 50 300) 
 
Strip 0-9 Strip 10-19 Strip 20-29 
Tube no. Test Active ingredients Tube no. Test Active ingredients Tube no. Test Active ingredients 
0  control 10 GAL D-galactose 20 MDM methyl-αD-
mannopyranoside 
1 GLY glycerol 11 GLU D-glucose 21 MDG methyl-αD-glucopyranoside 
2 ERY erythritol 12 FRU D-fructose 22 NAG N-acetylglucosamine 
3 DARA D-arabinose 13 MNE D-mannose 23 AMY amygdalin 
4 LARA L-arabinose 14 SBE L-sorbose 24 ARB arbutin 
5 RIB D-ribose 15 RHA L-rhamnose 25 ESC esculin ferric citrate 
6 DXYL D-xylose 16 DUL dulcitol 26 SAL salicin 
7 LXYL L-xylose 17 INO inositol 27 CEL D-cellobiose 
8 ADO D-adonitol 18 MAN D-mannitol 28 MAL D-maltose 
9 MDX methyl-ßD-xylopyranoside 19 SOR D-sorbitol 29 LAC D-lactose (bovine origin) 
 
Strip 30-39 Strip 40-49 
Tube no. Test Active ingredients Tube no. Test Active ingredients 
30 MEL D-melibiose 40 TUR D-turanose 
31 SAC D-saccharose (sucrose) 41 LYX D-lyxose 
32 TRE D-trehalose 42 TAG D-tagatose 
33 INU inulin 43 DFUC D-fucose 
34 MLZ D-melezitose 44 LFUC L-fucose 
35 RAF D-raffinose 45 DARL D-arabitoL 
36 AMD amidon (starch) 46 LARL L-arabitoL 
37 GLYG glycogen 47 GNT potassium gluconate 
38 XLT xylitol 48 2KG potassium 2-ketogluconate 
39 GEN gentiobiose 49 5KG potassium 5-ketogluconate 
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2.5.2 API® 20 E Test 
API® 20 E test strip (bioMérieux SA, 20 100) comprising of 20 microtubes of 
dehydrated substrates was used to predict the physico-chemical profile of potential 
novel isolates. Microbial break down of these substrates produced colour changes 
that are either spontaneous or in some microtubes revealed after the addition of an 
extra reagents. These extra reagents used were 10 gm% (w/v) ferric chloride (FeCl3 
prepared in lab, Timstar, IR3240), Kovac’s reagent (Sigma Aldrich, 67309), VP 1 + 
VP 2 reagents (bioMérieux, 70422), NIT 1 + NIT 2 reagents (bioMérieux, 70442), 
Zn powder (SciChem, Z1015), and mineral oil (bioMérieux, 70100) (Table 2.8).  
Long with the novel isolates, Bacillus thuringiensis (DSM2046T) was tested as a QC 
strain because its API® 20 E test results are well documented in the literature and 
were used for quality check in this study (Logan and Berkeley 1984). 
To start with the test, an incubation box consisting of tray and lid was prepared to 
accommodate test strip. About 5 ml of sterile distilled water was distributed into the 
honey-combed wells of the tray to create humid atmosphere during incubation. 
To prepare a bacterial suspension well isolated, pure colonies from 18-24 old 
culture plate were carefully emulsified in a sterile saline solution. Homogenous 
bacterial suspension of OD600nm 0.8–1 was prepared and used immediately for the 
inoculation of the test strips. In the test strips, CIT, VP and GEL labelled wells were 
filled in both tube and cupule with the bacterial suspension, whereas for other tests 
only tube (and not the cupule) was filled. Mineral oil was overlaid in the test wells 
labelled with ADH, LDC, ODC, H2S and URE to create anaerobic condition during 
incubation. The incubation box was then closed and incubated for 2–3 days or until 
at least 3 positive results (before adding the extra reagents) are obtained. 
According to the test procedure, once the incubation was over, a range of extra 
reagents were added to specific wells which required them for result development 
(Table 2.8). The indole production test and nitrate reduction tests were performed 
at the last since these reactions release gaseous products which interfere with the 
interpretation of other tests of the strip. Finally, the test results were interpreted by 




Table 2.8 Reagents required for API® 20 E test strips (bioMérieux SA, 20 100) 
 
Test wells Extra reagent added Result development 
TDA (Tryptophan Deaminase) 1 drop of 10% FeCl3 Immediate 
VP (Voges Proskauer) 1 drop each of VP 1 and VP 2 reagents At least 10 min 
IND (Indole)  1 drop of Kovac’s reagent Immediate 
GLU (Glucose; to check reduction of nitrates to nitrites and 
N2 gas) 
1 drop each of NIT 1 and NIT 2 reagents for nitrites detection 2 to 5 min 














Table 2.9 Reading table for API® 20 E test strips (bioMérieux SA, 20 100) 
 
Result interpretation: (1) A very pale yellow was considered positive; (2) An orange colour after 36-48 h incubation considered negative; (3) Reading made in the cupule (aerobic); (4) 










colourless yellow (1) 
2 ADH L-arginine arginine dihydrolase yellow red/orange (2) 
3 LDC L-lysine lysine decarboxylase yellow red/orange (2) 
4 ODC L-ornithine ornithine decarboxylase yellow red/orange (2) 
5 CIT trisodium citrate citrate utilization pale green/yellow blue green/blue (3) 
6 H2S sodium thiosulphate H2S production colourless / greyish black deposit/thin line 
7 URE urea urease yellow red/orange (2) 
8 TDA L-tryptophane tryptophane deaminase yellow reddish brown 
9 IND L-tryptophane indole production colourless pale green / 
yellow 
pink 













Tests Active ingredients Reactions/Enzymes Results 
Negative Positive 
11 GEL gelatin (bovine origin) gelatinase no diffusion diffusion of black 
pigments 
12 GLU D-glucose fermentation/oxidation (glucose) (4) blue / blue green yellow / greyish yellow 
13 MAN D-mannitol fermentation/oxidation (mannitol) (4) blue / blue green yellow 
14 INO inositol fermentation/oxidation (inositol) (4) blue / blue green yellow 
15 SOR D-sorbitol fermentation/oxidation (sorbitol) (4) blue / blue green yellow 
16 RHA L-rhamnose fermentation/oxidation (rhamnose) (4) blue / blue green yellow 
17 SAC D-sucrose fermentation/oxidation (saccharose) 
(4) 
blue / blue green yellow 
18 MEL D-melibiose fermentation/oxidation (melibiose) (4) blue / blue green yellow 
19 AMY amygdalin fermentation/oxidation (amygdalin) (4) blue / blue green yellow 
20 ARA L-arabinose fermentation/oxidation (arabinose) (4) blue / blue green yellow 
Extra nitrate reduction: GLU tube- reduction 
of nitrates to nitrites (NO2) and N2 gas 




2.5.3 API® ZYM Test 
API® ZYM (bioMérieux SA, 25 200); a semi-quantitative method is designed for 
rapid study of 19 constitutive enzymatic reactions (as mentioned in Table 2.10). 
This system consists of a strip with 20 microwells coated at the base with enzymatic 
substrates and its buffer. Inoculation of dense microbial suspension into these 
microwells allows reaction between the microbial enzyme and well substrate. 
Metabolic end products generated during incubation period are then detected 
through the coloured reactions revealed after addition of ZYM A and ZYM B 
reagents. In the present study, API® ZYM enzymatic assay was performed as 
mentioned ahead. 
About 5 ml of sterile distilled water was distributed into the honey-combed wells of 
the tray to create a humid atmosphere before placing the test strip. Test strips were 
then inoculated with the microbial suspension, which was prepared in sterile saline 
with final optical density of 0.8–1 (measured at 600 nm wavelength). Using a sterile 
pipette, 110 µL of freshly prepared specimen were dispensed into each cupule. 
After inoculation, the tray covered with the lid was incubated for 2–3 days away 
from light. 
To read the results post-incubation, 1 drop of ZYM A and ZYM B reagent was added 
to each cupule and allowed to stand for 5–10 min for colour development. At this 
stage, the strip was placed under a direct light source as per manufacturer’s 
instructions to get confirmed and comparable results. The reactions were then 









Table 2.10 Reading table for API® ZYM test strips (bioMérieux SA, 25 200) 
Abbreviations: * = Colourless or colour of the control if the strip was not exposed to an intense light source after addition of the reagents; if the strip was exposed to intense light, a very pale-





No. Enzyme assayed for Substrate 
Result 
Positive Negative 
1 control  
colourless or colour of the sample if it 
has an intense coloration 





3 esterase (C4) 2-naphthyl butyrate violet 
4 esterase lipase (C8) 2-naphthyl caprylate violet 
5 lipase (C14) 2-naphthyl myristate violet 
6 leucine arylamidase L-leucyl-2-naphthylamide orange 
7 valine arylamidase L-valyl-2-naphthylamide orange 
8 cystine arylamidase L-cystyl-2-naphthylamide orange 
9 trypsin N-benzoyl-DL-arginine-2-naphthylamide orange 
10 α-chymotrypsin N-glutaryl-phenylalanine-2-naphthylamide orange 
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Table 2.10 Continued…   
 
 
No. Enzyme assayed for  Substrate 
Result 
Positive Negative 




12 naphthol-AS-BI-phosphohydrolase  naphthol-AS-BI-phosphate blue 
13 α-galactosidase 6-Br-2-naphthyl-αD-galactopyranoside violet 
14 ß-galactosidase  2-naphthyl-ßD-galactopyranoside violet 
15 ß-glucuronidase  naphthol-AS-BI-ßD-glucuronide blue 
16 α-glucosidase   2-naphthyl-αD-glucopyranoside violet 
17 ß-glucosidase  6-Br-2-naphthyl-ßD-glucopyranoside violet 
18 N-acetyl-ß-glucosaminidase 1-naphthyl-N-acetyl-ßD-glucosaminide brown 
19 α-mannosidase  6-Br-2-naphthyl-αD-mannopyranoside violet 
20 α-fucosidase   2-naphthyl-αL-fucopyranoside violet 
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2.5.4 BIOLOG GEN III MicroPlateTM 
The BIOLOG GEN III MicroPlateTM (Biolog Inc.,1030) used in this study assayed 
microbial growth against 71 carbon sources and sensitivity against 23 chemicals 
(Fig. 2.1). Tetrazolium redox dye pre-coated into these plates calorimetrically 
indicated the microbial growth in response to utilization of the carbon sources or 
resistance to inhibitory chemicals. Upon inoculation and incubation of these plates 
with the bacterial isolates, microbial growth or increased microbial respiration 
caused reduction of this indicator dye, forming a purple colour which indicated a 
positive result. The layout of this Biolog plate is as shown in Fig. 2.1 and all test 
procedures are mentioned ahead. 
For inoculum preparation, ‘Protocol A’ of Biolog testing was used which is applicable 
to most bacterial species. This protocol required Inoculation Fluid A (IF-A, Biolog 
Inc., 72401) as an inoculation medium. Bacterial suspension of cell density 85–95 
% transmittance (T) was prepared from freshly grown cultures of the novel isolates. 
Pure culture colonies were picked using a sterile cotton tipped inoculator swab 
(Inoculatorz™, 3321) and dispended into IF-A by rubbing the swab against the 
bottom of tube. Required turbidity was adjusted with turbidimeter (Biolog Inc., 3587) 
which was pre-calibrated with an appropriate turbidity standard. 100 µl of this 
uniform bacterial suspension was added into each well. Inoculated plates were then 
incubated for 2–3 days. During incubation, humid conditions were maintained by 
placing the inoculated plate assembly in a plastic tray containing moistened tissue 
paper. The strips were observed for colour change every after 12–24 h for up-to 2–
3 days. Negative control well A-1 and positive control well A-10 of the incubated 













Figure 2.1 Chemical layout of BIOLOG GEN III MicroPlateTM (Biolog Inc., 1030). Cells highlighted with grey colour indicates tests for biochemical sensitivity 
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2.6 CHEMOTAXONOMIC CHARACTERISATION 
2.6.1 Respiratory Quinones and Polar Lipids Analysis  
Respiratory quinones and polar lipids analysis of novel isolates were performed at 
Leibniz Institute - German collection of microorganisms and Cell Cultures (DSMZ; 
attended via the Transnational Access program of European Marine Biological 
Research Infrastructure Cluster (EMBRIC). 
A two-stage method was used to extract the respiratory quinones followed by the 
separation of polar lipids. 150 mg freeze dried biomass of each novel isolate was 
allowed to react sequentially with hexane-methanol (1:2), 0.3% (w/v) NaCl solution 
and later with cold n-hexane. After magnetic stirring and centrifuging this mixture, 
upper clear phase and bottom precipitate were separated, and kept in dark for 
respiratory quinones and polar lipids analysis respectively. 
The upper, clear phase obtained in the previous steps, was analysed for respiratory 
quinones as described by Franzmann and Tindall (1990). The supernatant was 
evaporated under a nitrogen gas stream (1.2 bar). The resultant dried component 
was re-suspended in 200 µl tertiary butyl methyl ether. Respiratory quinones were 
then separated from this suspension using one-dimensional thin-layer 
chromatography (TLC) on silica gel, where sample loaded silica plates were 
developed in TLC chambers containing hexane and tertiary butyl methyl ether 
mixture (9:1) in dark. Post development, silica plates were dried, observed under 
ultraviolet (UV) light to spot the ubiquinones and were recovered by scratching the 
powdered material on the marked spot. This material was then taken into a glass 
filter tube, through which methanol-hexane mixture (2:1) was passed. This filtered 
reagent was collected in a separate tube, mixed well with 200 µl ice cold n-hexane 
and 4 –5 drops of ice cold 0.3% (w/v) NaCl, and then kept on ice for 4–5 min. The 
upper supernatant of this mixture was transferred to a separate fresh tube and 
evaporated under a nitrogen gas stream (1.2 bar). Further, the dried component in 
this tube was re-suspended in 300 µl of HPLC (high performance liquid 
chromatography) grade methanol and mixed gently. 5 µl of this quinone test mixture 
was then taken in a HPLC tube, re-diluted with 25 µl of HPLC grade methanol and 
analysed for quinones on HPLC machine (Agilent Technologies, 1260 Infinity II 
System) using a reverse phase column. 
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Next, extraction and recovery of polar lipids was conducted as described ahead 
(Bligh and Dyer 1959; Tindall 1990a; Tindall 1990b). To the precipitate obtained in 
the previous steps, 2–5 ml chloroform and 3 ml methanol were added, stirred 
overnight in brown bottle and centrifuged. If required, extra methanol was added to 
this mixture and re-centrifuged to get clear separation of upper and bottom phase. 
The clear supernatant was transferred to a separate tube, mixed with 1.25 ml 
chloroform and 1.25 ml of 0.3% (w/v) NaCl, and re-centrifuged. Post centrifugation, 
tube was observed for clear layer at the bottom. If required, extra 1 ml of chloroform 
was added to this tube and re-centrifuged. Clear bottom layer was then transferred 
to a fresh tube and completely evaporated under the nitrogen gas stream (1 bar). 
The dried component in this tube was re-suspended in a chloroform-methanol 
mixture (2:1). This extract of polar lipids was inoculated on four silica gel plates and 
analysed by two-dimensional TLC to separate polar lipids from the extracted 
mixture. The first TLC development in freshly prepared chloroform-methanol-water 
mixture was followed by the second development in chloroform-methanol-acetic 
acid-water mixture. Total lipids were then detected on one of the TLC plates by 
spraying 5% molybdophosphoric acid prepared in ethanol. Additionally, on the 
remaining three TLC plates ninhydrin reagent, phosphate reagent, and naphthol-
sulphuric acid (Molisch’s) reagents were sprayed individually for the detection of 
lipids containing free amino groups, phosphates, and sugars respectively (Tindall 
et al. 2007). All these four TLC plates with the developed chromatogram were 
interpreted for polar lipid contents at DSMZ. Total lipids were detected as blueish-
black stained spots on yellowish-green background of developed TLC plate. Lipids 
with free amino groups were detected as red-purple or yellow to orange spots. 
Phosphate-containing lipids were spotted within 15 min as blue spots while sugar 
containing lipids were detected as a red-purple spots. 
2.6.2 Fatty Acid Profile 
As one of the recommended tools for biochemical characterisation (Arahal et al. 
2007), cellular fatty acids of the potential novel isolates and their closest 
phylogenetic relatives were analysed by gas chromatography (GC). The isolates 
were processed for extraction of fatty acid methyl esters (FAMEs, MIDI protocol, 
Sherlock, Microbial Identification System), followed by its detection on GC machine 
(Agilent GC, 6890). 
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Both MARW_1-7-2T and MARW_1-2-27T were inoculated on MA growth medium 
and incubated for 24 h at 28 and 37 °C, respectively. Initially, for the preparation of 
GC-ready extracts these organisms went through a five-step process (Fig. 2.2), 
harvesting, saponification, methylation, extraction, and base wash using five 
different reagents, prepared as explained in Table 2.11 (Sherlock, Microbial 
identification system, version 6.3, operating manual September 2015). Microbial 
colonies were harvested from the 3rd quadrant of the freshly grown culture plates. 
Growth was gently scraped using a 4 mm sterile inoculating loop and coated onto 
the lower inner surface of the glass culture tubes. 1.0±0.1 ml of Reagent 1, the 
methanolic base added to the culture tubes, vortexed for 5–10 s and heated in a 
water bath (VWR, VWB 12) at 95 –100 °C for 30 min. After these 30 min of 
saponification, tubes were removed and kept in a pan of cold tap water to cool. 
Then 2.0±0.1ml of reagent 2, the methylation reagent was added to each tube. After 
vortexing, tubes were transferred to 80±1 °C water bath, removed after 10±1 min 
and quickly cooled by placing tubes in a tray of cold tap water. After addition of 
1.25±0.1 ml reagent 3; the extraction solvent, tubes were tightly capped, placed in 
a laboratory rotator and gently mixed end-over end for 10 min. After mixing, upper 
phase was transferred to a fresh tube, 3.0±0.1 ml of reagent 4; the base wash was 
added and tightly capped tubes were then gently rotated end-over-end for 5 min. 
2/3rd of the top phase was removed and transferred to the GC vial. In case, if the 
top phase is turbid, few drops of saturated NaCl solution was added and rotated 
end-over-end. 
Once this final extract was injected into the GC machine, FAMEs present in the 
sample mixture passed through the column to the detector. The flame ionization 
detectors burned the FAMEs, creating a proportional signal that was later stored in 
ChemStation. During this step, the program in GC ramped the temperature from 
170 to 270 °C at 5 °C per min. At the completion of analysis, a ballistic increase to 
300 °C allowed cleaning of the GC column.  
Upon completion of the run, the retention time, response, and the area/height ration 
of each fatty acid peak were calculated by the Agilent ChemStation. This data is 
then transferred to the Sherlock Library (TSBA6) for peak naming and further 
processing. The resultant fatty acid peaks of MARW_1-7-2T and MARW_1-2-27T 
isolates in their respective chromatograms were identified by matching its 
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composition with the fatty acid profiles of the known microorganisms stored in the 
standard Sherlock library (TSBA6). 
As per manufacturer’s instructions, Bacillus subtilis 6633T was used for QC 
validation, since it is considered to be an extremely sensitive microbes towards 
variations in FAME analysis and often would be the first indicator of issues with 




Table 2.11 Reagents required for the preparation of GC-ready cell extract in fatty acid analysis 
Reagents Purpose  Chemicals Weight / Volume 





Saponification- Lysis of the 
cells to liberate fatty acids 
from the cellular lipids 
methanol (HPLC grade)  50 ml Methanol and deionized water in 
given quantities were combined. 
NaOH pellets were then added to 
this solution and stirred until 
completely dissolved. 
deionized water 50 ml 
NaOH (Certified ACS) 15 g 
Reagent 2  Methylation - Formation of 
fatty acid methyl esters 
(FAMEs) 
6M HCl 108.33 ml HCl added to the methanol while 
stirring. 
methanol (HPLC grade) 91.66 ml 
Reagent 3 Extraction - Transfer of the 
FAMEs from the aqueous 
phase to the organic phase 
methyl tert-butyl ether 
(HPLC grade) 
66.66 ml Methyl tert-butyl ether added to the 
hexane and stirred well. 
hexane (HPLC grade) 66.66 ml 
Reagent 4 Base Wash - Aqueous wash 
of the organic extract prior to 
the chromatographic 
analysis 
NaOH (Certified ACS) 3.6 g NaOH pellets were added to the 
deionized water and stirred until 
dissolved completely. deionized water 300 ml 




Figure 2.2 GC extract preparation steps for fatty acid characterisation (Source-Figure 2-4, 







2.7 PHYLOGENETIC IDENTIFICATION 
The phylogenetic identification of isolated bacterial cultures was performed by 
following steps of DNA extraction, amplification and sequencing of 16S rRNA gene 
and 16S rRNA gene sequence data analysis. 
2.7.1 DNA Extraction  
DNA extraction method mentioned by Griffiths et al. (2000) was followed in the 
present study. This procedure mainly consists of three steps; reagent preparation, 
Zirconia beads washing followed by actual DNA extraction procedure. 
2.7.1.1 Reagent preparation 
Before proceeding to actual test procedures, all required materials such as 
Eppendorf tubes, micropipette tips, bead beating sample tubes, and deionized 
water were autoclaved. 
Required reagents; 5% CTAB/phosphate buffer, 30% polyethylene glycol 6000 
(PEG 6000, Fisher, p/3677/08) in 1.6M NaCl solution and 70% v/v ethanol were 
prepared as mentioned in Table 2.12. MilliQ ultrapure deionized water prepared in 
the lab was used throughout for the reagent preparation. 
Phenol:Chloroform:Isoamyl alcohol (25:24:1, P:C:I, Acros Organics, 
ACRO327111000) was procured from the vendor. 
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Table 2.12 Reagents prepared for DNA extraction  
Reagent Chemicals Preparation 
10% CTAB in 0.7 M NaCl 
(Reagent A) 
NaCl 0.7M NaCl was prepared by diluting 4.09 g NaCl to final volume of 100 
ml with deionized water.  
10 g CTAB taken in a 100 ml volumetric flask mixed with 0.7M NaCl up-
to volume mark 
cetyl trimethylammonium bromide 
(CTAB, Fisher Scientific, 10203330) 
deionized water 
240mM potassium phosphate 
buffer (pH 8) 
(Reagent B) 
 
K2HPO4 dibasic (Fisher Scientific, EC 
231-834-5) 
8.71 g K2HPO4 was diluted to 50 ml final volume with deionized water to 
make 1M K2HPO4. 
1.36 g of KH2PO4 was diluted to 10 ml final volume with deionized water 
to make 1M KH2PO4. 
22.56 ml of 1 M K2HPO4 solution then mixed with 1.44 ml of 1M KH2PO4 
solution in another bottle and final volume was made up to 100 ml with 
deionized water. pH was checked and adjusted if required.  
KH2PO4 (Fisher Scientific, P/4800/53) 
deionized water 
5% CTAB/phosphate buffer 
(120 mM pH 8) 
 
10% CTAB in 0.7 M NaCl Solutions prepared in previous steps; 100 ml each of reagent A and 
reagent B were mixed and autoclaved. 240 mM potassium phosphate buffer 
30% PEG 6000 in 1.6 M NaCl 
solution 
 
NaCl 4.67 g NaCl was diluted to 50 ml final volume with deionized water to 
make 1.6 M NaCl solution. 
15 g of PEG 6000 then mixed with 50 ml 1.6M NaCl, and autoclaved. 
polyethylene glycol (PEG) 6000 
deionized water 
70% (v/v) ethanol 
 
absolute ethanol (Fisher bioreagents, 
BP2818-500)  
70 ml of absolute ethanol was mixed with 30 ml of autoclaved deionized 





2.7.1.2 Zirconia beads washing 
Zirconia beads (Stratech, 11079101Z-BSP, 0.1 mm diameter) used for cell 
disruption during DNA extraction were washed and de-contaminated. Required 
amount of Zirconia beads taken in a glass tray were soaked in 0.5% (v/v) liquid 
bleach solution. After 1 h of soaking, bleach was removed, and beads were washed 
4-5 times with plain distilled water or until discarded waste showed pH of plain 
distilled water. Washed beads were dried overnight at 60 °C and the bead crust 
formed was broken. These beads were then baked at 150–200 °C for 4 h. These 
beads were then stored aseptically, and care was taken not to touch these beads 
with bare hands. 
2.7.1.3 DNA extraction steps 
In bio-safety cabinet rice grain sized freshly grown, pure bacterial culture was 
suspended in 0.5 ml CTAB buffer, mixed well with pipetting, and transferred to the 
bead beating tube (tube- Fisher Scientific, 11681350, with caps of O-ring Fisher 
scientic 11621270) containing approx. 0.5 gm (1/4th of the tube) pre-washed 
zirconia beads. 
Further extraction steps were carried out in a fume hood. 0.5 ml P:C:I (bottom layer) 
was added to the bacterial suspension tubes prepared in previous steps. During 
DNA extraction procedure, care was taken while adding P:C:I as phenol drips 
quickly. After every usage, the P:C:I bottle lid was tightly closed, and all P:C:I 
contaminated waste was disposed of in a segregated phenol waste container. 
These P:C:I added microbial tubes were then allowed to bead-beat in a lab 
homogenizer (MP Biomedicals) for two runs of 20 s at 4 m/s (with a pause of 30 s 
in between two runs), immediately cooled on ice for 4–5 min and centrifuged at 
13000 rpm for 5 min. Up to 450 ul of the upper aqueous layer was transferred to a 
fresh, sterile Eppendorf tubes, mixed with 1 ml of 30% PEG 6000 prepared in 1.6 
M NaCl and inverted 3–4 times. To precipitate the DNA, these tubes were left on 
bench undisturbed (minimum 2 h but best if kept overnight). 
Next day, these tubes were centrifuged (13000 rpm, for 5 min) to get the DNA pellet. 
During centrifugation, the hinge of the tubes was always faced outward, to know 
where the pellet will be. Post centrifugation, tubes were removed carefully, and the 
supernatant was discarded directly without using the micropipette as some 
supernatant remained behind in the tube has no effect on DNA recovery. Further, 
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after addition of 1 ml of 70% v/v ice cold ethanol these tubes were inverted 5–6 
times, and re-centrifuged at 13000 rpm for 2 min. Ethanol was removed from these 
tubes as much as possible with a 1000 µl pipette without touching the walls or 
bottom of the tube. After giving a short spin to the empty tubes (13000 rpm for 1 
min), extra ethanol is removed very carefully with a 100 µl pipette. Tubes were then 
air dried in the bio-safety cabinet for 10–15 min. Over drying of the DNA pellet was 
avoided at this step. To re-suspend this dried DNA, 50 µl of sterile deionized water 
was added. 
Before proceeding into next steps of molecular studies, all extracted DNA and PCR 
amplicon products (5 µl) were analysed by gel electrophoresis on 1% agarose gel 
(Electran DNA grade, BDH Prolabo, 438792U) prepared in 1X Tris Borate EDTA 
(TBE, Sigma-Aldrich, T4415) buffer and 2 µl of ethidium bromide (Sigma-Aldrich, 
E1510). Sample loaded gel was run at 96 volts for 25 min. DNA Ladder mix 
(GeneRuler DNA Ladder mix, Thermo Scientific, SM0333) was also run as a 
reference. Post run, the DNA bands developed on agarose gel were observed 
under ultraviolet light. The required appropriate dilution of the extracted DNA to be 
taken for PCR cycle and the quality of PCR amplicons were decided from their band 
intensity and quantity observed in their gel electrophoresis. Pure DW was also 
tested as a negative control and QC validation of DNA extraction and PCR 
reagents. 
2.7.2. Amplification and Sequencing of the 16S rRNA Gene 
DNA extraction was followed by polymerase chain reaction (PCR) and sequencing 
of the bacterial 16S rRNA gene from an extracted DNA using two universal bacterial 
primers (Sigma), forward primer 27f (5' AGAGTTTGATCCTGGCTCAG) and 
reverse primer 1492r (5' TACGGYTACCTTGTTACGACGAC). These primers are 
known to amplify approximately 1400-1550 bp length of the bacterial 16S rRNA 
gene (Frank et al. 2008; Wilson et al. 1990). The PCR reagent mixture used in the 
PCR reaction per sample tube contained 0.1 µl of each forward and reverse primer 
(of stock concentration 100µM), 12.5 µl of 2x PCRBIO Taq Mix red 
(PCRBiosystems, PB10.13-02), 11.8 µl of PCR grade water and 0.5 µl of extracted 
DNA to make final total volume of 25 µl. For PCR reaction, the appropriate dilution 
of an extracted DNA was mixed with reagents and was subjected to PCR cycle in 
a PCR minicycler. The PCR parameters of minicycler were set with initial 
denaturation at 94 °C for 4 min, followed by 30 cycles of 94 °C for 1 min, 55 °C for 
62 
 
1 min and 72 °C for 4 min, with a final extension at 72 °C for 8 min. The PCR 
machine lid was maintained at 105 °C. 
Further, PCR amplified products were purified using GenEluteTM PCR clean-up kit 
(Sigma-Aldrich, NA1020) according to the manufacturer’s instructions and the 
purified 16S rRNA PCR amplicons were then taken for Sanger sequencing. For 
majority of the samples, sequencing service was outsourced to Eurofins Genomics 
(GATC Biotech), Germany using their 96 well plate and 50 tube analysis service. 
GATC service for 96 well plate offered Sanger sequencing up to 1100 nucleotides 
in Phred20 quality. Some of the samples were also sequenced from Core Genetics 
Service at University of Sheffield, and School of Life Sciences, University of 
Nottingham, UK. 
2.7.3 Analysis of the 16S rRNA Gene Sequence Data 
The 16S rRNA gene sequence chromatograms obtained through Sanger 
sequencing were manually checked at Edge Hill University for weak/small or mis-
placed nucleotide peaks and ‘N’ calls (uncalled bases), followed by trimming of low-
quality bases present at both the ends of the sequence. A dataset was created of 
these quality-checked 16S rRNA gene sequences. Putative phylogenetic 
identification of bacterial isolates was performed by comparing this dataset against 
16S rRNA gene sequences of the type strains available on NCBI’s blastn (National 
Center for Biotechnology Information, n.d., viewed June 2020) and EzBioCloud 
BLAST (EzBioCloud, ChunLab, May 2020, viewed June 2020) web portals. 
Microbial isolates were processed for these steps of DNA extraction, sequencing 
and phylogenetic identification in batches during the period 2017–2019, additionally 
their BLAST results were reconfirmed altogether in June 2020 before putting into 
this report. 
The obtained BLAST results were also analysed for novel species identification. In 
novel species characterisation, the BLAST search performed for the potential novel 
isolates MARW_1-7-2T and MARW_1-2-27T showed their phylogenetic similarity to 
the genus Halomonas and Pseudoalteromonas respectively. For MARW_1-7-2T 
and MARW_1-2-27T, further confirmation of these BLAST results was carried out 
by constructing an independent phylogenetic tree using 16S rRNA gene sequence 
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Salt marshes are upper coastal intertidal marshy zones which exist between open 
sea and land and are characterised by continuous alternating tidal cycles of 
inundation and drainage with seawater (Hemminga et al. 1993) and development 
of a salinity gradient across these areas (Joye et al. 1995; Kim et al. 2010a; Sauret 
et al. 2016). The pronounced sink of organic and inorganic components further 
contributes to the generation of chemical gradients across these ecosystems (Cook 
et al. 2004; Gallagher et al. 1974). Varying concentrations of these components in 
different seasons (Bolhuis et al. 2011), elevations (Smith et al. 2002; Marton et al. 
2015) etc. are known to shape microbial diversity and abundance. Diverse group of 
microbes residing in salt marshes have active roles in protecting salt marsh 
morphodynamics and functionality (Grant et al. 1987; Stal et al. 1994; Van 
gemerden 1993; Stal et al. 2010; Van Gemerden 1993), promoting various 
geochemical cycles (Parkes et al. 2012; Bernhard et al. 2010; Senior et al. 1982; 
Banat et al. 1981), plant growth (Rocha et al. 2016), bioremediation (Oliveira et al. 
2014) etc. 
3.1.1 Study Sites  
Two UK-based marsh sites- RSPB Marshside and Fingringhoe Wick Nature 
Reserve, situated at North-West and Anglian region of England respectively (Fig. 
3.1) were evaluated for microbial analysis in the present study. These 
geographically separated salt marshes have a distinct climate throughout the year 
(Fig. 3.2). The RSPB Marshside Nature Reserve area is generally cooler and 
wetter. It has a cool summer and mild climate in winter. Whereas Fingringhoe Wick 
Nature Reserve has comparatively warm and dry summer and a mild winter (Met 
Office, n.d., viewed December 2020). 
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Figure 3.1 Map A, Salt marsh sample collection sites in England, UK. Map B, RSPB Marshside Nature Reserve. Map C, Fingringhoe 






         
        
        
Figure 3.2 Climate comparison between study site locations, RSPB Marshside (‘A’ graphs) and Fingringhoe Wick Nature Reserve (‘B’ graphs) for the period 

































































































































(B) Yearly average: 7.7 °C
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RSPB Marshside and Fingringhoe Wick Nature Reserve are located at the coastal 
wetlands of Ribble and Colne estuary respectively, have Site of Special Scientific 
Interest (SSSI) designation (Nature England, n.d.(a), viewed June 2020; Nature 
England, n.d.(b), viewed June 2020), considerable marsh areas and are known for 
their restoration success. 
3.1.1.1 The RSPB Marshside Nature Reserve 
The RSPB Marshside Nature Reserve was established on the Ribble estuary, 
North-West of England in 1994. The Ribble estuary (total area 9348.70 ha) is 
located on the Lancashire coast, West of Preston between Southport and Lytham 
St. Annes and extends inland to Longton (Nature England, n.d.(a), viewed June 
2020; Ribble estuary, 1984). This estuary has extensive intertidal sand silt flats and 
has one of the largest green marshes in Great Britain. This estuary constitutes an 
actively developing salt marsh of ‘Littoral sediment’ and ‘Neutral Grassland – 
Lowland’ habitat types and covers 2000 ha area in total (Nature England, n.d.(a), 
viewed June 2020; Ford et al. 2012). 
Since 1994, salt marsh of RSPB Marshside has undergone significant restoration 
as a result of RSPB management activities such as improving the extent and quality 
of salt marsh grassland biodiversity by re-planting halophytic plants, infrequent 
grazing and topping, as well as regular monitoring for sward height, cattle numbers, 
and water quality and levels. To increase the extent of open water, new ditches and 
small pools are being created followed by their rotational cleaning and re-profiling. 
Meadows were restored with an open structure. As a result, it now protects 110 ha 
of coastal grassland and pools, and 230 ha of salt marsh on the shores of the Ribble 
estuary. RSPB Marshside is also providing a nesting place and habitat for birds 
which are declining elsewhere (such as lapwings and redshanks) and a diverse 
range of halophytic plants (Baker 2009; Nature England, n.d.(a), viewed June 2020; 
The Royal Society for the Protection of Birds, n.d.). 
A number of studies were previously published describing various aspects of 
coastal areas near the Ribble estuary. They include benefits of coastal managed 
realignment such as flood risk protection observed at Hesketh Out Marsh West 
(MacDonald et al. 2020); recommendations for water management practices 
(Watson and Howe 2006); descriptions of faunal growth and development 
(Thompson et al. 1990); the spread and movements of fauna in the estuary being 
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affected by the sediment salinity, mud (Popham 1966) and dissolved oxygen 
(Priede et al. 1988); seasonal variations as the key drivers of greenhouse gas 
emissions in the salt marshes rather than the grazing patterns (Ford et al. 2012); 
the assessment of radioactivity concentrations received at Ribble estuary from 
Sellafield and Springfield discharges (Mamas et al. 1995; Brown 1997; Brown et al. 
1999; Sneddon 2017). The few microbial studies conducted at the Ribble estuary 
have been restricted to the detection of bacterial contamination in the surface water 
in terms of occurrences of faecal indicators (Kay et al. 2005; Wither et al. 2005; Gao 
et al. 2015; Hassard et al. 2017). However, no study has ever assessed 
phylogenetic and physiological microbial diversity at RSPB Marshside or any other 
Ribble estuary sites. 
3.1.1.2 Fingringhoe Wick Nature Reserve  
The Essex coastline in the South-East of England has approximately 5,000 ha of 
salt marshes (Harmsworth and Long 1986). It includes an internationally important 
intertidal habitat called Fingringhoe Wick Nature Reserve situated on the Colne 
estuary, South of Colchester (Fautley and Garon 2004). The Colne estuary is a 
typical narrow funnel-shaped estuary, approximately 12 km long, and has branching 
with five tidal arms that flow into the main channel of the River Colne with a total 
area of 2,335 ha. Its intertidal area covers 2,002 ha comprising 700 ha of mudflats 
and 300 ha of salt marsh. Currently, the largest extent of salt marsh in the Colne 
estuary lies within the Fingringhoe as well as Brightlingsea and Mersey triangle 
(Thomson et al. 2011). Fingringhoe Wick Nature Reserve land was previously used 
for gravel extraction and farming which was later purchased and developed into a 
Nature Reserve by Essex Wildlife Trust in 1975, creating a new habitat for rare and 
endangered species and protecting the local wildlife. Its tidal channels and 
marshland stretch into an enormous expanse of salt marshes, which is comprised 
of Geedon salt marsh and North salt marsh. Both are a littoral sediment type of 
habitat (Fautley and Garon 2004; Nature England, n.d.(b), viewed June 2020). Its 
semi-improved grassland is divided by the straight drainage ditches, water filled 
fleets and creeks (Colchester Borough Council 2020, viewed June 2020). 
Fingringhoe Wick Nature Reserve now protects approximately 273.9 ha of salt 
marsh area. 
‘Coastal squeeze’ that is erosion along the edges of the main channels and creeks 
were reported at salt marshes in Essex. Between 1988 and 1998 these marshes 
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were also reported to have lost an area of over 300 ha, including a loss of 49.5 ha 
in the Colne estuary (Cooper et al. 2001; Leeds 2016). Due to the existing 
vulnerability to flooding and poor agricultural value, the need for managed 
realignment was identified at Fingringhoe Wick marsh site. As a result, an additional 
22 ha of new wetland was created in 2015 by partially breaching its enclosed sea 
wall to cause flooding and development of a new area of salt marshes, mudflats 
and saline lagoons (Leeds 2016). 
Microbial studies at Colne Point salt marsh, Alresford Creek, Ray Creek, Pye-fleet 
mudflat, and Hythe, Wivenhoe, and Brightlingsea sites of Colne Estuary (except 
Fingringhoe Wick Nature Reserve) are reported earlier for their archaeal studies 
(Munson et al. 1997) and active roles of microbial populations in carbon and sulphur 
turnover (Purdy et al. 2002a; Purdy et al. 2002b), microbial responses to 
anthropogenic activities (Coulon et al. 2007; Purdy et al. 2002; McKew et al. 2007; 
Balba and Nedwell 1982; Exton et al. 2012; Johnston et al. 2017) etc. 
However, all previous documented studies involving the Fingringhoe Wick Nature 
Reserve have been non-microbiology studies, such as describing the importance 
of canopy complexity as a habitat for spiders and beetles (Ford et al. 2017) and the 
dynamics of soil erosion in relation to plant diversity (Ford et al. 2016). At the time 
of writing, no studies describing the salt marsh microbial diversity of Fingringhoe 
Wick have been reported. 
Thus, from this description of the Ribble and Colne estuaries it is clear that more 
microbiology literature is available on the Colne estuary compared to the Ribble 
estuary at the time of writing this chapter. Additionally, cultivation-based studies of 
RSPB Marshside and other Ribble estuary environments which could explore the 
innate microbial or physiological diversity of these sites have not been previously 
reported. 
3.1.2 The Present Study 
As salt marshes support enriched microbial diversity (Navarro-Torre et al. 2016; 
Gayathri et al. 2010), various natural and anthropogenic factors further shape both 
composition and physiological processes of these ecosystems and the diversity that 
it accommodates (Córdova-Kreylos et al. 2006; Chaudhary et al. 2018; Bardgett et 
al. 2008; Webster et al. 2015).  Despite their potential roles in the maintenance of 
ecosystems and biotechnological applications (Sánchez‐Porro et al. 2003; Rao et 
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al. 2010; Gangola et al. 2018), many salt marshes in the UK remain untouched by 
microbial evaluations. Available UK literature studies are focused on a few specific 
marsh sites and are limited to molecular-based approaches, due to which there is 
still a large pool of uncultured microbes in these environments which remain 
unexplored (Salman et al. 2015; Mußmann et al. 2005). 
Considering the existence of diverse microbial populations and the deficit of 
cultivation-based microbial findings in the former salt marsh literature at study sites, 
the present study is aimed at addressing this knowledge gap. This was achieved 
by exploring its bacterial niches, with an emphasis on a cultivation and isolation 
technique that also included molecular-based 16S rRNA gene phylogenetic 
identification of isolated microbes. With this approach it became possible to 
describe the isolated microbes up to genus level and discover novel microbes that 
may be of great scientific interest. An additional work was also performed in the 
present study to screen the salt marsh microbes of potential biotechnological 
benefits. Isolates were tested for antimicrobial production against both Gram-
positive and Gram-negative bacteria by the agar diffusion method. These study 
findings are expected to further extend our knowledge of these gradient-rich saline 
environments. 
Thus, the aims of this study can be summarised as  
1) To explore culturable microbial diversity of study sites via microbes’ 16S 
rRNA gene-based phylogeny, cytology and physiology examinations 
2) Discover potential novel microbes based on phylogenetic identification 











3.2.1 Sample Sites 
Two salt marsh sites were sampled in this study, RSPB Marshside, Southport, and 
Fingringhoe Wick Nature Reserve, Essex (Fig. 3.1). Permission to access the 
former site was granted by the site warden of the Ribble Reserves, whereas 
Fingringhoe Wick Nature Reserve was accessed through the induction conducted 
at School of Life Sciences, Essex University. 
3.2.2 Sample Collection and Physico-chemical Analysis 
Three sampling visits were conducted at RSPB Marshside on 8th June 2017, 25th 
October 2017 and 18th July 2018. Water samples collected in 2017 were processed 
for microbial cultivation and physico-chemical parameters, while the samples 
collected in 2018 were included for additional measurement of physico-chemical 
parameters. At Fingringhoe Wick, an almost equal number of samples were 
collected from each of North salt marsh and Geedon salt marsh on 3rd November 
2017. Water and soil samples from these sites were also processed for physico-
chemical and microbial analysis. 
The number of samples collected at these sites and their GPS co-ordinates are 
described in Table 3.1. GPS co-ordinates were not taken at Fingringhoe Wick salt 
marsh, but water samples 1–2, and soil samples 1–3 were collected from North salt 
marsh. Water sample 3–4 and soil samples 4–5 were collected from Geedon salt 
marsh (Fig. 3.1, Map C). The sampling spots within the RSPB Marshside are shown 
in Fig. 3.3. 
Further procedural details on sample collection and physico-chemical analysis are 




Table 3.1 Sampling details 
Abbreviations: MARW_1, MARW_2, MARW_3 = Water samples collected from RSPB Marshside on 8th June 2017, 25th October 2017 and 18th July 2018 respectively; FINW_1, FINS_1 = 
Water and soil samples respectively collected from Fingringhoe Wick on 3rd November 2017; * = Sample collected from low marsh area; N/A = Not available 
Salt marsh site Sample collection date Sample size Sample no. Actual sample ID GPS coordinates  
Water Soil 
RSPB Marshside, Southport 8th June 2017 
  
  
10 - 1 MARW_1-1* 53°40'44.0"N 2°59'59.0"W 
2 MARW_1-2* 53°40'46.0"N 2°59'56.0"W 
3 MARW_1-3* 53°40'46.0"N 2°59'57.0"W 
4 MARW_1-4 53°40'47.0"N 2°59'49.0"W 
5 MARW_1-5 53°40'46.0"N 2°59'45.0"W 
6 MARW_1-6 53°40'45.0"N 2°59'44.0"W 
7 MARW_1-7 53°40'46.0"N 2°59'45.0"W 
8 MARW_1-8 53°40'45.0"N 2°59'39.0"W 
9, 10 MARW_1-9, MARW_1-10 53°40'47.0"N 2°59'48.0"W 
25th October 2017 2 - - MARW_2-1* 53°40'45.0"N 2°59'59.0"W 
MARW_2-2* 53°40'46.0"N 2°59'56.0"W 
18th July 2018 3 - - MARW_3-1* 53°40'42.2"N 2°59'54.4"W 
MARW_3-2* 53°40'45.1"N 2°59'59.7"W 
MARW_3-3* 53°40'46.1"N 2°59'58.4"W 














Figure 3.3. Sampling spots within RSPB Marshside Nature Reserve. Samples collected 
from low marsh (samples 1–3) and mid marsh (samples 4–10). Map scale, 200m 
 
3.2.3 Microbial Cultivation, Isolation and Culture Maintenance 
Collected samples were analysed for microbial cultivation, isolation and culture 
cryopreservation as per the procedure elaborated in chapter 2, section 2.2. In 
summary, original and diluted water and soil (10% w/v) samples were inoculated 
on different growth media such as marine agar (MA, Difco™, 2216), R2A agar (R2A, 
Oxoid™, CM0906) and nutrient agar (NA, Oxoid™, CM0003). Each media was 
prepared with two different sets of pH and NaCl concentrations. Additionally, for the 
RSPB Marshside water samples, oligotrophic growth experiments were performed 
by incubating samples in two different sets of lower concentrations of peptone and 
yeast extract followed by inoculations on solid MA, R2A and NA media plates. After 
primary inoculation experiments, MA medium was exclusively chosen for further 
sample cultivation studies. 
Individual representative colonies picked from the agar plates were cryopreserved 
and later processed for cytology, physiology and salt tolerance studies as well as 







3.2.4 Cytology and Physiology Observations 
While processing the salt marsh microbial isolates for cryopreservation, a portion of 
the isolates that resembled diverse colony morphologies were picked for cellular 
and physiological characterisation. Thirty two isolates were studied for Gram-
staining by Hucker’s modified method ‘A’ (Hucker and Conn 1923), motility test by 
the hanging drop method (Gerhardt et al. 1981), catalase test using 3% H2O2 
(Reiner 2010) and oxidase test using TestOxidase™ (Pro-Lab diagnostics, PL 390) 
reagent. For quality control (QC) of all these procedures, Escherichia coli (DSM 
30083T) and Micrococcus luteus (NCTC 2665T) cultures were used. A detailed 
explanation of these procedures and their test result interpretations are described 
in chapter 2, section 2.3. 
3.2.5 Salt Tolerance Study  
A subset of the microbial isolates cultivated from RSPB Marshside were also 
identified for their halotolerance and were further investigated regarding their 
phylogenetic identification in October 2017. For this purpose, 46 isolates were 
chosen from the available culture pool, in the order that they were originally 
cryopreserved. A salt tolerance study of these isolates was performed by 
inoculating freshly revived pure cultures on MA growth media plates supplemented 
with 2, 4, 8, 12 and 16% (w/v) NaCl concentrations at pH 7.6±0.2. Inoculated 
cultures were allowed to grow at 30 °C and were checked for the presence or 
absence of microbial growth throughout the total incubation period of 13–15 days. 
Of these isolates screened at Edge Hill University, 15 halotolerant isolates were 
also taken to School of Life Sciences, Essex University for DNA extraction and 
phylogenetic identification as a part of my planned induction program (sequencing 
outsourced to the University of Nottingham). 
3.2.6 Phylogenetic Identification 
Study salt marsh isolates including halotolerant microbes were phylogenetically 
identified by performing a procedure as described in detail at chapter 2, section 
2.7. 
In summary, approximately 190 cryopreserved isolates were taken for phylogenetic 
identification, of which about 60% were water isolates cultured from RSPB 
Marshside and remaining 25% and 15% were soil and water isolates from 
Fingringhoe Wick respectively. These isolates from both the sites were chosen in 
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the order they were originally cryopreserved and also those who showed maximum 
halotolerance. These cryopreserved microbes were revived by passaging twice on 
a growth media (on which they were originally isolated) and then sequentially 
analysed for DNA extraction (Griffiths et al. 2000), PCR and purification of PCR 
amplicons (GenEluteTM PCR clean-up kit, Sigma-Aldrich, NA1020) at Edge Hill 
University, Biology lab. The concentration and purity of all extracted DNA and PCR 
amplicons was confirmed via their gel electrophoresis on 1% agarose gel in 1X TBE 
buffer. The sequencing of PCR purified amplicons of the isolates was outsourced 
to three institutes, Eurofins Genomics (former GATC Biotech), Germany, as well as 
to Core Genetics Service at University of Sheffield, and School of Life Sciences, 
University of Nottingham, UK. Two universal primers specific for the bacterial 16S 
rRNA gene, forward primer 27f and reverse primer 1492r were employed for PCR 
(Frank et al. 2008; Wilson et al. 1990). Both these primers were also used in 
sequencing, except at School of Life Sciences, University of Nottingham, UK where 
only reverse primer was used. 
A putative phylogenetic identification of isolates was performed by comparing their 
quality checked sequences with the 16S rRNA gene database of type strains 
available on two webtools, NCBI blastn (National Center for Biotechnology 
Information, n.d., viewed June 2020) and EzBioCloud web portals (EzBioCloud, 
Chunlab, May 2020, viewed June 2020). Though DNA extraction and subsequent 
phylogenetic identification was performed in batches during the period 2017–2019, 
their BLAST results were reconfirmed altogether in June 2020 before putting into 
this report. The BLAST results were also re-analysed for novel species 
identification. 
Phylogenetic tree analysis based on 16S rRNA gene sequence was conducted for 
isolates collected from both sites with MEGA7.0 (Kimura 1980; Kumar et al. 2016). 
16S rRNA gene sequence of their closest phylogenetic relatives were also included 
to represent the broadest diversity of bacteria. The evolutionary history and 
evolutionary rate differences among sites were inferred by using the Maximum 
Likelihood method based on the Kimura 2-parameter model and discrete Gamma 
distribution model respectively. Initial tree(s) for the heuristic search were obtained 
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 
pairwise distances estimated using the Maximum Composite Likelihood approach, 
and then selecting the topology with superior log likelihood value. In aligned 
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sequence, all positions containing gaps and missing data were eliminated. The tree 
was drawn to scale, with branch lengths measured in the number of substitutions 
per site. 
3.2.7 Screening for Antimicrobial Production 
A total of 69 isolates were selected from the pool of phylogenetically identified 
microbes of this study. They were additionally screened to test their potential for 
antimicrobial production. Each isolate was assayed in triplicate using the double-
layer agar diffusion method (modified method of Zhu et al. 2014). The antimicrobial 
inhibition was tested against both Gram-positive and Gram-negative indicator 
bacteria, Escherichia coli (DSM 30083T) and Micrococcus luteus (NCTC 2665T) 
respectively.  
Freshly grown salt marsh isolate was spot inoculated at the centre of sterile media 
plate using a sterile wire-loop. Growth media for the isolates was prepared with 0.9 
% (w/v) marine broth,1.5% (w/v) agar, 4% (w/v) NaCl and pH 7.6±0.2. Marine agar 
was prepared at its 1/4th strength of what is normally suggested by the 
manufacturer, to create nutritionally depleting environment that was expected to 
initiate microbial antibiotic production (Falkinham et al. 2009). The inoculated plates 
were then incubated for 15–17 days at 30 °C. The longer incubation period favoured 
the nutrient depletion, creation of stressed environment and hence offered 
increased chances of antimicrobial production.  
After 15–17 days of incubation, the indicator strains were prepared for overlay. The 
freshly grown broth cultures of indicator strains E. coli and M. luteus were 
individually mixed in a 15 ml sterile, molten nutrient agar butt (with 0.7% agar and 
pH 7.4±0.2) at final concentration of 0.03–0.05 OD650nm. Sterile molten agar butt 
containing one of the indicator strains then overlaid on the isolate’s incubated 
plates, surrounding the isolates growth area. After the media was set properly, all 
the plates were incubated for 24–48 h, at 37 °C and 30 °C for indicator strains E. 
coli and M. luteus respectively. Antibiotic activity was assessed by observing the 
inhibition zone of the indicator strain around a test colony. Media controls were kept 






3.3.1 Sample Collection and Physico-chemical Analysis 
Physico-chemical analysis results of salt marsh samples collected at RSPB 
Marshside and Fingringhoe Wick Nature Reserve are presented in Table 3.2.
78 
 
Table 3.2 Physico-chemical parameters of samples collected at the salt marshes of RSPB Marshside and Fingringhoe Wick Nature Reserves. The cumulative 
physico-chemical results of multiple samples were reported as the observed range with its mean written in parenthesis, except for MARW_2, FINW_1 and 
FINS_1 (mid marsh) samples where only two samples were collected and analysed 
Abbreviations: MARW_1, MARW_2, MARW_3 = Water samples collected from RSPB Marshside on 8th June 2017, 25th October 2017 and 18th July 2018 respectively; FINW_1, FINS_1 = 
Water and soil samples respectively collected from Fingringhoe Wick on 3rd November 2017; N/A = Not available 
 
Parameters MARW_1  MARW_2  MARW_3  FINW_1 FINS_1 
Low marsh Mid marsh Low marsh Low marsh Low marsh Mid marsh Low marsh Mid marsh 
Salinity (g/100g)  2.4–3 (2.6) 2–2.8 (2.5) 0.8, 1.8 3.6–4 (3.73) 3.3, 3.7  3.7, 3.7 0.4, 0.4, 0.4 
(0.4) 
0.2, 0.4  
pH 7.9–8.2 (8.1) 7.5–8.8 (8.0) 7.6, 7.6 7.5–7.6 (7.5) 7.5, 7.7 7.4, 7.7 N/A N/A 
Phosphate (PPM) 0.5–0.75 (0.67) 0.25–0.87 (0.76) 0.5, 0.5 0.75–1.5 (1) 0.5, 0.5 0.5, 0.5 0–0.25 (0.08) 0.25, 0.75 
Iron (PPM) 0.05–0.3 (0.18) 0.1–0.6 (0.24) 0.6, 1.2 0.6–0.8 (0.7) 0.1, 1.2 0.2, 0.4 0–0.1 (0.05)  0, 0.4 




3.3.2 Microbial Cultivation and Isolation 
After the samples were spread inoculated on the growth media, microbial growth 
was observed after four to five days of incubation. A few cultures exhibited 
pleomorphism, such as a change in the colony colour or colony consistency, when 
incubated or refrigerated for more than a week. Isolates cultivated from study sites 
were mostly retrieved from marine agar plates (226 out of 287 isolates), whereas 
the rest were grown on R2A and nutrient agar media. 
The total number of pure isolates retrieved from each site are as mentioned in Table 
3.3. These are now cryopreserved and kept in -80 °C deep freezer at the 
Biotechnology Laboratory, Technology Hub, Edge Hill University. 
 
Table 3.3 Details of the number of samples collected and microbial isolates cultivated 
from these samples  






Sample size No. of pure microbial 
isolates obtained from 
samples 
Water  Soil  Water  Soil  
RSPB Marshside, 
Southport 
Jun. 2017 10 N/A 145 N/A  
Oct. 2017 2 N/A  39 N/A  
Fingringhoe Wick, 
Essex 
Nov. 2017 4 5 46 57 
Total 16 5 230 57 
 
3.3.3 Cytology and Physiology Observations 
The observations of cytology and physiology tests performed on 32 selected 









Table 3.4 Cytology, motility and physiology observations of microbes from cultured salt 
marsh population 
Abbreviations: + = Positive results; - = Negative results; W+ = Weak positive results 
 
Isolate ID Gram character Motility Oxidase Catalase 
MARW_1-1-1  Gram negative rods - + - 
MARW_1-1-2 Gram negative rods  + + - 
MARW_1-1-3 Gram positive rods + + W+ 
MARW_1-1-4 Gram positive cocci + - + 
MARW_1-1-5  Gram negative rods - - + 
MARW_1-1-6  Gram positive rods - + + 
MARW_1-1-7  Gram positive rods + - - 
MARW_1-1-8 Gram positive rods - + - 
MARW_1-1-18  Gram negative rods - + - 
MARW_1-2-1 Gram positive cocci + - + 
MARW_1-2-2  Gram negative rods + - - 
MARW_1-2-3  Gram positive rods + + - 
MARW_1-2-27  Gram negative straight rods + + W+ 
MARW_1-3-1  Gram positive cocci + + - 
MARW_1-3-2  Gram negative rods - + - 
MARW_1-7-2 Gram negative straight rods  - + W+  
MARW_1-8-1  Gram negative rods + + + 
MARW_1-8-2 Gram positive rods - + + 
MARW_1-8-3  Gram positive rods - + + 
MARW_1-8-4  Gram positive cocci + - + 
MARW_1-8-5 Gram positive rods + - - 
MARW_1-8-6 Gram negative rods - + + 
MARW_1-8-7 Gram negative rods - + W+ 
MARW_1-8-8 Gram positive cocci - - + 
MARW_1-8-9 Gram positive rods + + + 
MARW_1-8-10 Gram negative rods + + + 
MARW_1-8-11  Gram negative rods   - + + 
MARW_1-8-12  Gram positive cocci + - - 
MARW_1-8-22  Gram negative rods - + - 
MARW_1-10-5  Gram negative rods - + + 
MARW_1-10-7 Gram positive cocci + + W+ 






3.3.4 Salt Tolerance Study 
The salt tolerance capacity exhibited by 46 salt marsh isolates when grown at 
different NaCl concentrations in MA growth media is shown in Table 3.5. All were 
able to grow up to 8% (w/v) NaCl concentration. Thirty two (70%) could tolerate 2–
12% (w/v) NaCl and 18 (39%) were able to grow with NaCl concentration up to 16% 
(w/v). Fourteen of the isolates which sustain up to 16% (w/v) NaCl, however took 


























Table 3.5 Salt tolerance ability of salt marsh isolates observed on MA growth media 
supplemented with varying NaCl concentrations 
Abbreviations: ++ = Abundant growth observed within 2–3 days of incubation; ++7d = Abundant growth 
observed within 7 days of incubation; ++13d = Abundant growth observed within 13 days of incubation; +13d = 
Visible scanty growth observed after 13 days of incubation; - = No growth 
 
Isolate ID 
NaCl concentration % (w/v) 
2 4 8 12 16 
MARW_1-1-5 ++ ++ ++ - - 
MARW_1-1-9 ++ ++ ++ 13d - - 
MARW_1-1-14 ++ ++ ++ ++ - 
MARW_1-2-4 ++ ++ ++ ++ + 13d 
MARW_1-2-10 ++ ++ ++ + 13d + 13d 
MARW_1-2-15 ++ ++ ++ ++ ++ 7d 
MARW_1-2-18 ++ ++ ++ + 13d + 13d 
MARW_1-2-21 ++ ++ ++ + 13d + 13d 
MARW_1-2-22 ++ ++ ++ ++ 13d - 
MARW_1-2-26 ++ ++ ++ 13d - - 
MARW_1-3-1 ++ ++ ++ 13d - - 
MARW_1-3-2 ++ ++ ++ 13d - - 
MARW_1-3-3 ++ ++ ++ ++ 13d - 
MARW_1-4-1 ++ ++ ++ ++ ++ 
MARW_1-4-2 ++ ++ ++ ++ - 
MARW_1-4-3 ++ ++ ++ ++ 13d - 
MARW_1-4-7 ++ ++ ++ ++ ++ 7d 
MARW_1-4-9 ++ ++ ++ ++ ++ 
MARW_1-4-10 ++ ++ ++ - - 
MARW_1-4-16 ++ ++ ++ ++ ++ 13d 
MARW_1-4-17 ++ ++ ++ ++ ++ 7d 







Table 3.5 continued… 
Isolate ID 
NaCl concentration % (w/v) 
2 4 8 12 16 
MARW_1-5-4 ++ ++ ++ ++ - 
MARW_1-5-6 + + + - - 
MARW_1-6-1 ++ ++ ++ ++ ++ 7d 
MARW_1-6-3 ++ ++ ++ ++ ++ 
MARW_1-6-10 ++ ++ ++ ++ ++ 7d 
MARW_1-6-11 ++ ++ ++ ++   
MARW_1-7-1 ++ ++ ++ ++ ++ 13d 
MARW_1-7-2 ++ ++ ++ ++ ++ 
MARW_1-8-4 ++ ++ ++ ++ - 
MARW_1-8-9 ++ ++ ++ ++ - 
MARW_1-8-13 ++ ++ ++ ++ ++ 7d 
MARW_1-8-15 ++ ++ ++ ++ - 
MARW_1-8-16 ++ ++ ++ - - 
MARW_1-8-17 ++ ++ + 13d - - 
MARW_1-8-20 ++ ++ ++ - - 
MARW_1-8-22 ++ ++ ++ ++ - 
MARW_1-9-3 ++ ++ ++ - - 
MARW_1-10-1 ++ ++ ++ - - 
MARW_1-10-3 ++ ++ ++ - - 
MARW_1-10-5 ++ ++ 7d ++ 13d ++ 13d ++ 13d 
MARW_1-10-6 ++ ++ ++ + 13d - 
MARW_1-10-7 ++ ++ ++ ++ ++ 7d 
MARW_1-10-8 ++ ++ ++ ++ 7d - 








3.3.5 Phylogenetic Identification Based on 16S rRNA Gene Analysis 
One hundred and thirty-eight good quality PCR purified amplicons were obtained 
out of 190 isolates processed for DNA extraction and PCR. When these 16S rRNA 
gene amplicons were analysed on gel electrophoresis along with DNA ladder, the 
amplified product showed a band at approximately 1500 bp (Fig. 3.4). Approx. 70% 
of these PCR purified amplicons delivered sequences which were then manually 
checked to extract good quality nucleotide sequences. Post quality check, 
nucleotide length of sequences ranged from 150 to 1210 bp with an overall average 
length of 600 bp (3rd column from the left of Table 3.6). It was also observed that 
sequences obtained using Eurofins Genomics’ 96 well plate method produced 
shorter length sequences (150–710 bp, mean 490 bp) compared to those analysed 
by other sequencing services (400–1210 bp, mean 920 bp). A detailed sequencing 
log of salt marsh isolates is shown in Table 3.6. 
From the quality checked (QCed) sequence files, a 16S rRNA gene sequence 
dataset was generated that included sequences of approx. ≥ 500 bp nucleotide 
length. Phylogeny results of this dataset on EzBioCloud BLAST for the bacterial 
isolates of RSPB Marshside and Fingringhoe Wick salt marsh sites are given in 
Tables 3.7 and 3.8 respectively. 
The taxonomic distribution and evolutionary relationship of the isolates obtained in 
this study are represented in the phylogenetic trees (Fig. 3.5 and 3.6). They also 








Figure 3.4 Gel electrophoresis on 1% (w/v) agarose, observed under U. V. light. Well 1, 
DNA ladder mix.; Well 2-4, purified PCR amplicons of isolates; Well 5, reagent control. 
Amplicons’ band match at approx. 1500 bp lane of DNA ladder. 
4 1 2 3 5 
4 1 2 3 5 
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Table 3.6 16S rRNA gene sequencing log of salt marsh isolates. Nucleotide lengths are mentioned in brackets 
Abbreviations: ¥ = Sequencing using 96 well plate service; * = Sequencing using tube method; QCed = Quality checked 
 
Sequencing service used No. of PCR amplicons processed for 
sequencing 
No. of good quality sequences No. of QCed sequences processed for BLAST 
and further data analysis 
Eurofins Genomics¥ 94 77 (150–710 bp, mean 490 bp) 43 (510–710 bp, mean 596 bp) 
Eurofins Genomics* 18 6 (660–930 bp, mean 780 bp) 6 (660–930 bp, mean 780 bp) 
Uni. of Sheffield* 9 7 (888–985 bp, mean 950 bp) 7 (888–985 bp, mean 950 bp) 
Uni. of Nottingham* 17 9 (400–1210 bp, mean 985 bp) 8 (821–1210 bp, mean 1055 bp) 














Table 3.7 Phylogenetic identification of pure bacterial cultures isolated from different regions of RSPB Marshside salt marsh, based on comparative analysis 
of their partial 16S rRNA gene sequences on EzBioCloud BLAST tool 
Putative novel species isolates are highlighted in bold 
Abbreviations: MARW_1, MARW_2 = Water samples collected from RSPB Marshside on June 2017 and October 2017 respectively; T = Type strain species; * = showed >99% phylogenetic 
similarity to non-type strain of Marinobacter sp. BW6 on BLAST 
 
Isolate ID Nucleotide 
length (bp) 






Phylum Class Order Family 
Low marsh isolates 
MARW_1-1-9 985 Alcaligenes faecalis subsp. 
Parafaecalis G(T) 
99.8 2/976 Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae 
MARW_1-1-14 888 Bacillus licheniformis ATCC 
14580(T) 
99.44 5/887 Firmicutes Bacilli Caryophanales Bacillaceae 
MARW_1-1-16 568 Exiguobacterium marinum 
DSM 16307(T) 
99.30 4/568 Firmicutes Bacilli Caryophanales Caryophanales, no family 
MARW_1-1-17 602 Exiguobacterium marinum 
DSM 16307(T) 
100 0/602 Firmicutes Bacilli Caryophanales Caryophanales, no family 
MARW_1-1-18 806 Pseudidiomarina sediminum 
c121(T) 
99.75 2/806 Proteobacteria Gammaproteobacteria Alteromonadales Idiomarinaceae 
MARW_1-1-22 646 Halomonas aestuarii Hb3(T) 100 0/646 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-1-23 550 Alkalihalobacillus 
hwajinpoensis SW-72(T) 
99.45 3/550 Firmicutes Bacilli Caryophanales Bacillaceae 
MARW_1-2-4 829 Planococcus maritimus DSM 
17275(T) 
99.88 1/829 Firmicutes Bacilli Caryophanales Caryophanaceae 
MARW_1-2-15 1102 Marinobacter maroccanus 
N4(T) 
99.82* 2/1102 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-2-21 1092 Zooshikella ganghwensis 
JC2044(T) 
99.54 5/1092 Proteobacteria Gammaproteobacteria Oceanospirillales Hahellaceae 
MARW_1-2-22 633 Rhodovulum sulfidophilum 
DSM 1374(T) 
100 0/633 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 
MARW_1-2-23 682 Planomicrobium flavidum ISL-
41(T) 
99.12 6/682 Firmicutes Bacilli Caryophanales Caryophanaceae 
MARW_1-2-24 588 Marinobacter goseongensis 
En6(T) 
99.83 1/588 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-2-25 589 Exiguobacterium marinum 
DSM 16307(T) 
99.83 1/589 Firmicutes Bacilli Caryophanales Caryophanales, no family 
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Table 3.7 continued… 
 
Isolate   ID Nucleotide 
length (bp) 






Phylum Class Order Family 
Low marsh isolates 
MARW_1-2-26 576 Erythrobacter marinus KCTC 
23554(T) 
98.44 9/576 Proteobacteria Alphaproteobacteria Sphingomonadales Erythrobacteraceae 
MARW_1-2-27 663 Pseudoalteromonas piscicida 
JCM 20779(T) 
99.68 2/633 Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae 
MARW_2-2-1 572 Bacillus pumilus ATCC 7061(T) 99.83 1/572 Firmicutes Bacilli Caryophanales Bacillaceae 
MARW_2-2-2 630 Rheinheimera baltica DSM 
14885(T) 
100 0/630 Proteobacteria Gammaproteobacteria Chromatiales Chromatiaceae 
MARW_2-2-6 678 Erythrobacter litoralis DSM 
8509(T) 
99.26 5/678 Proteobacteria Alphaproteobacteria Sphingomonadales Erythrobacteraceae 
MARW_2-2-7 642 Thioclava dalianensis DLFJ1-
1(T) 
99.69 2/641 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 
Mid marsh isolates 
MARW_1-4-1 953 Marinobacter flavimaris SW-
145(T) 
98.16* 19/951 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-4-9 1062 Halomonas aestuarii Hb3(T) 99.06 10/1062 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-4-16 964 Marinobacter sediminum 
R65(T) 
98.23 17/963 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-4-17 941 Marinobacter maroccanus 
N4(T) 
99.15 8/939 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-5-2 638 Planococcus maritimus DSM 
17275(T) 
100  0/638 Firmicutes Bacilli Caryophanales Caryophanaceae 
MARW_1-5-5 590 Henriciella litoralis DSM 
22014(T) 
100  0/589 Proteobacteria Alphaproteobacteria Caulobacterales Hyphomonadaceae 
MARW_1-6-1 821 Alkalihalobacillus hwajinpoensis 
SW-72(T) 
99.51 4/821 Firmicutes Bacilli Caryophanales Bacillaceae 
MARW_1-6-3 615 Halomonas denitrificans M29(T) 99.19  5/615 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-6-4 608 Halomonas aestuarii Hb3(T) 99.84  1/607 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-6-6 690 Marinobacter flavimaris SW-
145(T) 
98.41* 11/690 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-6-8 591 Planococcus maritimus DSM 
17275(T) 
99.83  1/591 Firmicutes Bacilli Caryophanales Caryophanaceae 
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Table 3.7 continued… 
 
Isolate ID Nucleotide 
length (bp) 






Phylum Class Order Family 
Mid marsh isolates  
MARW_1-6-9 697 Halomonas aestuarii Hb3(T) 99.86 1/697 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-6-10 974 Marinobacter flavimaris SW-145(T) 98.67* 13/974 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-6-12 715 Halomonas aestuarii Hb3(T) 99.86 1/715 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-6-14 600 Marinobacter flavimaris SW-145(T) 100 0/600 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-6-17 498 Marinobacter maroccanus N4(T) 100 0/498 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-7-1 595 Alkalihalobacillus hwajinpoensis SW-
72(T) 
99.66  2/595 Firmicutes Bacilli Caryophanales Bacillaceae 
MARW_1-7-2 1200 Halomonas taeanensis BH539(T) 98.42 19/1200 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-7-3 559 Marinobacter goseongensis En6(T) 99.82 1/559 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-7-4 665 Alkalihalobacillus hwajinpoensis SW-
72(T) 
99.4 4/665 Firmicutes Bacilli Caryophanales Bacillaceae 
MARW_1-8-13 1209 Marinobacter maroccanus N4(T) 99.83 2/1209 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-8-19 612 Marinobacter flavimaris SW-145(T) 98.2* 11/612 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-8-20 661 Alcaligenes faecalis subsp. 
Parafaecalis G(T) 
100 0/661 Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae 
MARW_1-8-21 640 Citromicrobium bathyomarinum JF-
1(T) 
99.84  1/640 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae 
MARW_1-8-22 584 Pseudidiomarina sediminum c121(T) 99.66  2/584 Proteobacteria Gammaproteobacteria Alteromonadales Idiomarinaceae 
MARW_1-8-23 497 Exiguobacterium oxidotolerans JCM 
12280(T) 
99.6  2/497 Firmicutes Bacilli Caryophanales Caryophanales,  
no family 
MARW_1-9-5 598 Pseudidiomarina sediminum c121(T) 99.16  5/598 Proteobacteria Gammaproteobacteria Alteromonadales Idiomarinaceae 
MARW_1-10-1 549 Halomonas saccharevitans AJ275(T) 99.09  5/549 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
MARW_1-10-5 547 Alcanivorax gelatiniphagus 
MEBiC08158(T) 
99.63  2/546 Proteobacteria Gammaproteobacteria Oceanospirillales Alcanivoracaceae 




Table 3.8. Phylogenetic identification of pure bacterial cultures isolated from different regions of Fingringhoe Wick salt marsh, based on comparative analysis 
of their partial 16S rRNA gene sequences on EzBioCloud BLAST tool 
 
Putative novel species isolates are highlighted in bold 
Abbreviations: FINW_1, FINS_1 = Water and soil samples respectively, collected from Fingringhoe Wick on November 2017; T = Type strain species 
 
Isolate ID Nucleotide 
length (bp) 






Phylum Class Order Family 
Low marsh isolates  
FINW_1-1-1 590 Pseudoalteromonas 
mariniglutinosa KMM 3635(T) 
99.83 1/590 Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae 
FINW_1-1-6 510 Halomonas venusta DSM 
4743(T) 
99.61 2/510 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
FINS_1-1-9 555 Paracoccus marcusii DSM 
11574(T) 
100 0/555 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae 
FINS_1-1-11 667 Bacillus mycoides DSM 2048(T) 100 0/667 Firmicutes Bacilli Caryophanales Bacillaceae 
FINS_1-2-2 808 Pleionea mediterranea 
MOLA:115(T) 
98.27 14/808 Proteobacteria Gammaproteobacteria Oceanospirillales Alcanivoracaceae 
FINS_1-2-5 547 Shewanella marisflavi SW-117(T) 100 0/546 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae 
FINS_1-3-1 559 Alkalihalobacillus berkeleyi KMM 
6244(T) 
100 0/557 Firmicutes Bacilli Caryophanales Bacillaceae 
FINS_1-3-2 595 Halobacillus halophilus DSM 
2266(T) 
99.5 3/595 Firmicutes Bacilli Caryophanales Bacillaceae 
FINS_1-3-5 934 Alkalihalobacillus hwajinpoensis 
SW-72(T) 
99.79 2/934 Firmicutes Bacilli Caryophanales Bacillaceae 
FINS_1-3-6 544 Halomonas nitroreducens 11S(T) 99.82 1/544 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
Mid marsh isolates  
FINS_1-4-4 501 Alkalihalobacillus 
hwajinpoensis SW-72(T) 
98.8 6/500 Firmicutes Bacilli Caryophanales Bacillaceae 
FINS_1-4-5 681 Halomonas taeanensis 
BH539(T) 
98.38 11/681 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
FINS_1-5-2 484 Planococcus maritimus DSM 
17275(T) 
100 0/484 Firmicutes Bacilli Caryophanales Caryophanaceae 
FINS_1-5-4 475 Alkalihalobacillus berkeleyi KMM 
6244(T) 




Figure 3.5 Phylogenetic tree providing an overview of bacterial isolates from RSPB Marshside Nature 
Reserve. The tree was constructed using the Maximum-Likelihood algorithm in MEGA7.0. It comprised 
of 16S rRNA sequences of isolates (500-1210 bp) and their closest phylogenetic relatives mentioned with 
their type strain IDs and accession numbers. Bootstrap values (𝑛 = 1000 replicates) are indicated at the 
nodes. Isolates’ branches representing similar phylogenetic identity are collapsed to a single node and 
























Figure 3.6 Phylogenetic tree providing an overview of bacterial isolates obtained from Fingringhoe Wick 
Nature Reserve. The tree was constructed using Maximum-Likelihood algorithm in MEGA7.0. It 
comprised of 16S rRNA sequences of isolates (500-935 bp) and their closest phylogenetic relatives 
mentioned with their type strain IDs and accession numbers. Bootstrap values (𝑛 = 1000 replicates) are 






























3.3.6 Taxonomic Hierarchical Description of Isolates 
The distribution of the phylogenetically identified isolates was categorised into 
different taxa and taxonomic hierarchies (Tables 3.7 and 3.8 and Fig. 3.5 and 3.6), 
which are collectively described as follows. 
Bacterial isolates identified from RSPB Marshside and Fingringhoe Wick Nature 
Reserve were largely classified as members of the phyla Proteobacteria (43 out of 
64 isolates) and Firmicutes (21 out of 64). At class level, the greater proportion of 
microbial isolates were phylogenetically identified as Gammaproteobacteria (34 out 
of 64), Bacilli (21 out of 64), and some proportion as Alphaproteobacteria (7 out of 
64). Betaproteobacteria class was assigned to only 2 isolates from the samples of 
RSPB Marshside. This resulted in positioning these isolates into two major families 
Halomonadaceae (12 out of 64) and Bacillaceae (12 out of 64). Abundant isolates 
belonging to the family Alteromonadaceae were also detected at RSPB Marshside 
(12 isolates). At both sites, some fraction of the identified fraction of the isolates 
were Caryophanaceae (9 out of 64), while rest of the bacterial families identified 
among test isolates were as mentioned in Tables 3.7 and 3.8. 
Microbes isolated from both salt marsh study sites when phylogenetically identified 
on EzBioCloud BLAST tool, they were cumulatively grouped closed to 22 different 
genera, with overall 16S rRNA gene similarity ratio of 98–100%. A predominance 
of the genera Marinobacter and Halomonas was observed in the sequenced 
isolates from RSPB Marshside, whereas more Alkalihalobacillus and Halomonas 
were observed in the Fingringhoe Wick sequenced isolates (Tables 3.7 and 3.8, 
Fig. 3.5 and 3.6). 
3.3.7 Novel Species Identification 
Based on results obtained from EzBioCloud BLAST tool of phylogenetic identity and 
16S rRNA gene similarity ratio to the closest relatives, seven isolates were identified 
as putative novel species in the present study. These are highlighted in bold font in 






3.3.8 Screening for Antimicrobial Production   
Four out of 69 salt marsh isolates screened for antimicrobial production showed 
positive results as shown in Table 3.9. 
 
Table 3.9 Salt marsh isolates showing positive antimicrobial activity, when tested against 
E. coli (DSM 30083) and M. luteus (NCTC 2665) using double-layer agar diffusion method 
 
The measured zones of inhibitions are mentioned in brackets 




Salt Marsh Isolates 
MARW_1-2-21 MARW_1-2-22 MARW_1-8-20 FINS_1-1-11 
E. coli  - + (3 mm) + (3 mm) - 




To the best of my knowledge this is the first study that has cultivated and identified 
microbial diversity from the UK salt marshes, RSPB Marshside and Fingringhoe 
Wick Nature Reserve. A total of 287 microbial isolates were cultured from these 
sites, of which 64 bacterial isolates were successfully identified using Sanger 
sequencing method based on their 16S rRNA gene. A portion of this cultured 
microbial population was also tested for its phenotypic characterisation, salt 
tolerance and antimicrobial production assay. The availability of pure cultures and 
simultaneous assessment of this cultured community composition have allowed an 
exploration of the microbial population of these salt marsh sites.  
3.4.1 Cytology, Physiology and Salt Tolerance study 
A consortium of morphological and physiological differences was revealed in the 
studied salt marsh isolates (Tables 3.4–3.5). Isolates showed highly variable and 
broad-ranged salt tolerance and were considered as moderate halophilic because 
they grew best at 4% NaCl (w/v) and most of them have a maximum salt tolerance 
of 12–16% NaCl (w/v) (Table 3.5). These study findings though reiterate high salt 
tolerance of microbes of marine environments, it extends this knowledge to the 
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isolates of this study, including potential new species and shows that they are well 
adapted to the varying saline conditions of the salt marshes. 
Gradients of salt concentrations cause transient variations in metabolic activities of 
halophiles (e.g. Halomonas halophila, Micrococcus halodenitrificans, and 
Pseudomonas salinaria), that also includes microbial production of a membrane 
bound enzyme called cytochrome oxidase which is highly active only in the 
presence of elevated sodium and potassium chloride salt concentrations. 
Cytochrome oxidase maintains the intracellular salt contents against concentration 
gradient and is required for growth of these halophiles (Ventosa et al. 1998; Baxter 
and Gibbons 1956). Additionally, excess of reactive oxygen species such as 
hydrogen peroxide in an indigenous environment creates an oxidative stress that 
can be lethal to microbes by destroying their proteins, cellular membranes, and 
nucleic acids. Some microbes however produce a scavenging enzyme called 
catalase that breaks down hydrogen peroxide into nontoxic molecular oxygen and 
water, and thus acquire protection against oxidative stress (Imlay 2013; Loew 
1900). 
A number of isolates tested in the present study also showed positive cytochrome 
oxidase and catalase production, which indicates their capabilities to withstand 
osmotic and oxidative stress generated at salt marsh environments. 
3.4.2 Phylogenetic Identification 
The 27f and 1492r primer sets used in this study for PCR and sequencing are 
known to amplify the full-length sequence of the 16S rRNA gene which is 1400–
1550 bp long (Frank et al. 2008; Wilson et al. 1990). However, the Sanger 
sequencing services (cost-effective ones) used in this study were able to provide a 
partial gene sequence of length 1200 bp. As a result, approx. 65% of the QCed 
sequences obtained from the isolates of this study had a nucleotide length of 500–
1200 bp (mean 700 bp) (Tables 3.7–3.8). On the other hand, the remaining QCed 
sequences were of a shorter length (150–500 bp, mean 330 bp), most of which 
were obtained through a 96-well plate sequencing service at Eurofins Genomics 
(Table 3.6). 
Six out of the eighteen PCR amplicons analysed using a tube sequencing service 
at Eurofins Genomics imparted quality sequences of length 660–930 bp (mean 780 
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bp). Prior to this, a 96-well plate service offered by the same sequencing company 
produced no/poor quality sequences from these eighteen PCR amplicons.  
While performing DNA extraction and PCR reactions at Edge Hill University lab, 
similar reagents, conditions, and quality control standards were applied for the 
preparation of all these PCR amplicons. The quality and purity of all PCR purified 
amplicons was also confirmed as they exhibited single and prominent bands on gel 
electrophoresis. Hence, differences in the quality and nucleotide length of the 
sequences obtained using 96-well plate could be either due to contaminants 
incorporated while transferring PCR amplicon samples from individual tubes to the 
96-well sequencing plate or improper sealing of these plates Edge Hill lab, during 
transportation of the sample plate to the sequencing company or well-to-well 
contamination while samples are being sequenced (Walker 2019).  
Some of the 16S rRNA gene-PCR amplicons which produced short QCed 
sequences (200–900 bp) in the first sequencing attempt delivered longer 
sequences (600–1200 bp) at the next attempt. A comparison table of the 
phylogenetic identities of these amplicons is as shown in Appendix 2. An 
EzBioCloud BLAST analysis of all these sequences showed that for each individual 
isolate, both the shorter and longer sequence resulted in the same genus level 
identity, with either no change or moderate variation in the similarity ratio. However, 
according to the quality standard decided for this phylogenetic study, the final 
dataset was created using only those quality-checked sequences that had at least 
500 bp of nucleotide length (Tables 3.7–3.8). Those isolates whose sequences did 
not fulfil this criterion were excluded from the phylogenetic analysis. 
When quality sequences of salt marsh isolates with at least 500 bp nucleotide length 
of the 16S rRNA gene were examined on the EzBioCloud server, it allowed the 
taxonomic identification of these isolates up to the genus level (Tables 3.7 and 3.8). 
It was also observed that different phylogeny assignment tools such as EzBioCloud 
and NCBI blastn had the capability to capture the taxonomic information of 16S 
rRNA gene sequences up to genus level, though differences were observed with 






3.4.3 Taxonomic Hierarchical Description of isolates 
Phylogenetically identified bacterial isolates mentioned in Tables 3.7 and 3.8, and 
represented in Fig. 3.5 and 3.6, were discussed with respect to their distribution in 
phylum, class and genus taxonomic levels as follows. 
3.4.3.1 Isolates’ phylum and class level description  
Diversity 
The bacterial isolates identified at both salt marsh sites of RSPB Marshside and 
Fingringhoe Wick Nature Reserve were clustered into two phyla, Proteobacteria 
and Firmicutes which have been previously reported to have important roles in the 
sulphur cycle, ammonia oxidation and hydrocarbon-degradation in salt marsh 
environments (Ansede et al. 2001; Beazley et al. 2012; Santoro et al. 2008). 
Results of the present study are in general accordance with reports from previous 
cultivation-based and -independent microbial studies performed on the surface and 
subsurface sediments of salt marshes, estuaries and other coastal environments. 
Such prior studies grouped microbial isolates into Proteobacteria (60–70%) (Köpke 
et al. 2005; Martins 2011; Fidalgo et al. 2016; Beazley et al. 2012; Inagaki et al. 
2003), with the remainder consisting of Firmicutes, Bacteroidetes (Beazley et al. 
2012; Fidalgo et al. 2016; Lydell et al. 2004; Martins 2011) and Actinobacteria 
(Beazley et al. 2012; Johnston et al. 2017; Fidalgo et al. 2016). 
Microcosm experiments, where the degradation potential of coastal microbes 
against microphytobenthic extracellular polymeric substances (McKew et al. 2013) 
and isoprene (one third of volatile organic compounds from the terrestrial and 
marine biosphere; Johnston et al. 2017) were tested individually as sources of 
carbon and energy respectively, showed increased dominance of Firmicutes and 
Actinobacteria compared to Proteobacteria. Abundant Firmicutes were also noted 
amongst biomineralizing marine sediment microbes (Wei et al. 2015) and a 
thermophilic bacterial population (Aanniz et al. 2015). This indicates the transient 
variations in the microbial assembly with respect to different inputs to the salt 
marshes and associated environments. 
In the present study, most of the isolates were obtained after cultivation on marine 
agar and incubation under aerobic conditions at 30 °C. This setting is routinely used 
in marine and salt marsh cultivation studies. Marine agar supports the growth of a 
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number of aerobic heterotrophic marine bacteria (Jannasch and Jones 1959; ZoBell 
1941), so could be seen as a potential source of over-representation of this type of 
microbe and potential bias in the obtained results. However, the observed 
dominance of Proteobacteria isolates in the present has also been observed in 
previous cultivation-independent studies (Cifuentes et al. 2000; Beazley et al. 2012; 
Webster et al. 2010). 
Firmicutes exist in both the endospore and vegetative cell forms in situ and are 
usually considered not to be of coastal origin (Berrada et al. 2012; Yilmaz et al. 
2016; Wu et al. 2010). They are usually detected in very low abundance (<1%) in 
sequence libraries generated from marine sediments (Seo et al. 2017; Nimnoi and 
Pongsilp 2020; Beazley et al. 2012; Cupit et al. 2019; Kawai et al. 2015). 
Contrastingly, increasing numbers of Firmicutes were observed (>5%) through 
cultivation-dependent methods (Fidalgo et al. 2016; Berrada et al. 2012; Köpke et 
al. 2005; Volpi et al. 2017), microcosm experiments (McKew et al. 2013) and 
through estimation of their endospore specific compound, dipicolinic acid (Fichtel et 
al. 2008; Langerhuus et al. 2012; Lomstein et al. 2012). Simultaneously, higher 
proportions of Firmicutes (>10%) were also observed in the culture studies of 
coastal sediment layers (Köpke et al. 2005; Martins 2011; Fidalgo et al. 2016) and 
in thermophilic diversity experiments (Aanniz et al. 2015). Detection of a low 
percentage of Firmicutes when solely applying molecular techniques is considered 
to be associated with the estimation of their vegetative forms only. The inability of 
conventional DNA extraction reagents to extract DNA from the rigid structures of 
Firmicutes in endospore form could be the reason behind underestimation of these 
communities in molecular based methods (Filippidou et al. 2015; Cupit et al. 2019). 
Such Firmicute endospores, when carried from the water column, may germinate 
into vegetative cells and thrive upon burial in the coastal soil sediments (Cupit et al. 
2019). This could be the reason that Firmicutes were the dominating genera from 
the studied soil sample isolates from Fingringhoe Wick. This could also be an 
indication of microbial differences among the types of the salt marsh samples 
collected. However, more sequencing data and further analysis would be needed 
to support this. 
Actinobacteria and Bacteroidetes are additional relevant phyla that are also 
normally present in lower proportions than Proteobacteria in salt marshes and other 
ocean environments (Fidalgo et al. 2016; Nimnoi and Pongsilp 2020; Suh et al. 
2015; Seo et al. 2017; Zinger et al. 2011). The absence of these phyla in the present 
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study could be explained by the fact that only a fraction of total isolates was 
phylogenetically identified during this study, and not every isolate was picked for 
the isolation which might have missed these phyla. Additionally, the use of aerobic 
incubation could have restricted the growth of Bacteroidetes as some of them (e.g., 
genus Bacteroides) are obligate anaerobes or aerotolerant (Meehan et al. 2012; 
Thomas et al. 2011; Tang et al. 1999) and their multiplication is restricted in the 
presence of oxygen (Bacic and Smith 2008). Other reasons of these minor phyla 
remained undetected could be the suppression of these Actinobacteria and 
Bacteroidetes by fast growing microbes (Bodor et al. 2020; Chaudhary et al. 2019), 
as well as a lack of media supplements (e.g. CaCO3) known to prevent the growth 
of fast-growing bacteria and enhance the isolation of Actinobacteria (Fang et al. 
2017). 
Potential roles 
The classes of identified study isolates, such as Betaproteobacteria, 
Gammaproteobacteria and Bacilli are known to have an ecological potential in 
coastal wetlands as they play important roles in nitrification and denitrification steps 
of the nitrogen cycle (Peng et al. 2013; Angermeyer 2016; Jenkins and Kemp 1984; 
Sebilo et al. 2006; Bagwell et al. 1998). Generally, heterotrophic microbes found in 
saline habitats such as those of salt marshes, are reported to have reduced 
nitrogenase biosynthesis and activity at high salt concentrations and are predicted 
to have poorly functional nitrogen fixation ability in saline ecosystems (Zahran et al. 
1995; Tripathi et al. 2002). Nevertheless, nitrogen fixation has been reported in the 
saline soils of salt marshes, via the occurrences of halotolerant, heterotrophic, 
nitrogen fixing bacteria of class Bacilli and Gammaproteobacteria (genus e.g. 
Bacillus and Azotobacter, Zahran et al. 1995; Angermeyer 2016; Diab et al. 1984; 
Dicker et al. 1980; Ventosa et al. 1998). The persistence of these bacteria in saline 
environments of the salt marshes thus supports the existence of potential nitrogen 
turnover which maintains the fertility and productivity of these saline ecosystems. 
3.4.3.2 Isolates’ genus level description 
Diversity  
Phylogenetic and systematic studies based on 16S rRNA gene sequencing have 
placed a large number of microbes from the identified fraction of the isolates from 
both study sites within the genera Marinobacter, Halomonas and Alkalihalobacillus 
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(Fig. 3.5 and 3.6). As described in literature, members of these genera are 
halotolerant or halophilic, and ubiquitous in salt marshes and various other coastal 
environments (Whitman 2015; Berrada et al. 2012; McKew et al. 2011; Patel and 
Gupta 2020). In the recently proposed novel genus Alkalihalobacillus (Patel and 
Gupta 2020), some species are described as obligately alkaliphilic, requiring an 
unusually highly alkaline pH range between 6 to 11. Such properties enable 
microbes of these genera to grow rapidly and dominate the marine microbial 
community. 
Potential roles 
These detected genera of the present study have been highlighted in the previous 
literature for their ecological and biotechnological potential in saline environments. 
For example, denitrifying Marinobacter are commonly associated with oil spills and 
pollution in these areas (Bergey and Holt 1993). Members of this genus produce 
biosurfactants that are capable of degrading wide variety of aliphatic or aromatic 
compounds and thus have an industrial application in microbe-mediated oil 
recovery and bioremediation processes (Tripathi et al. 2019; Handley and Lloyd 
2013). 
Also, exopolysaccharides secreted by Halomonas have versatile ecological and 
biotechnological applications such as in plant growth promotion (Upadhyay et al. 
2011; Bergmann et al. 2009; Ruiz-Lozano et al. 2000), biofilm formation, 
immunomodulation, emulsification, and bioremediation of heavy metal 
contaminated environments (Amjres et al. 2015; Dworkin 2006; Quesada et al. 
2004). Hydrolytic enzymes produced by these microbes are also studied to have 
role in bioremediation, and fermentation of foods (Quesada et al. 2004; Hinrichsen 
et al. 1994; Yoon et al. 2002). 
Furthermore, some of the Alkalihalobacillus species are diazotrophic and can fix 
atmospheric nitrogen to ammonia (Patel and Gupta 2020). Additionally, several of 
these microbes were reported to have potential applications including probiotic 
activity; production of enzymes like cellulases, proteases, xylanases and 
cyclodextrin glucanotransferase for their use in laundry detergents, pulp paper 




The abundance of these halo-versatile, beneficial microbes at the salt marsh sites 
further provides an insight on the potential scientific and economic value of these 
gradient-rich environments, including the salt marsh sites of the present study. 
3.4.4 Novel Species Isolates 
The microbial isolates were sequenced for their 16S rRNA gene in batches at 
different times of this study, and their sequences were initially analysed solely 
based on the NBCI blastn tool. Twenty six out of 64 identified microbial isolates 
were found to be distantly related to the species already known as their sequence 
similarity ratios were less than 99% (data not shown). However, later confirmation 
of these phylogenetic results on EzBioCloud BLAST led this study to conclude a 
revised compact list of potential novel species. Despite the result variations 
observed in between these two phylogeny tools, EzBioCloud results were 
acknowledged in this study for it is more commonly referred to in recent microbial 
phylogeny literature and contains more curated sequences as compared to the 
NCBI blastn tool (Park et al. 2012). Total six isolates, identified in EzBioCloud tool, 
were putatively identified as novel species based on the recent recommendation, 
where 98.7–99% sequence similarity ratio was proposed as a cut-off value for the 
identification of a new bacterial species (Stackebrandt and Ebers 2006; Kim et al. 
2014). However, an exception to this 99% cut-off value was the inclusion of the 
isolate MARW_1-2-27 as a putative novel species based on the literature reported 
by Venkateswaran and Dohmoto (2000) and distinct polyphasic characteristics of 
MARW_1-2-27. 
Based on initial identified 96% phylogenetic similarity to Pseudoalteromonas sp. on 
NCBI tool (analysis during the year 2017-2018), MARW_1-2-27 was taken for novel 
species characterisation, physico-chemical, chemotaxonomic and genome 
analysis. However, later confirmation on EzBioCloud BLAST tool concluded 
MARW_1-2-27 to have >99% similarity to Pseudoalteromonas sp. Also, while 
constructing phylogenetic tree it was noted that the 16S rRNA gene of the closest 
Pseudoalteromonas sp. to MARW_1-2-27 lacks specificity to differentiate it from 
other Pseudoalteromonas relatives which was in accord with the observation 
reported by Venkateswaran and Dohmoto (2000). Hence, to overcome the limitation 
of having lower 16S rRNA gene differences, biochemical and chemotaxonomic 
analysis as well as genome-based, well accepted traits like DNA-DNA hybridization 
and average nucleotide identity were analysed to confirm the novelty of MARW_1-
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2-27 (Richter and Rosselló-Móra 2009; Ivanova et al. 2002c; Huang et al. 2017b). 
MARW_1-7-2 of this putative novel list was also fully characterised to confirm its 
novelty. The full details of these characterisation tests and results of these isolates 
are detailed in chapter 4, sections 4.2.3 and 4.3. 
Time constraints did not allow characterisation of the rest of the putative novel 
species isolates; however, this remaining work is planned to re-start at post-PhD 
thesis submission 
3.4.5 Screening for Antimicrobial Production 
Antimicrobial compounds produced by bacterial, fungal and archaeal populations 
are examples of widely employed secondary metabolites. Antimicrobial compounds 
play an important role in maintaining environmental microbe populations and have 
commercial value with wider applications (Zhu et al. 2013; Ying et al. 2020). 
Irrespective of continual research in the field of antimicrobials, multidrug resistance 
has caused further demand to discover non-toxic, cost-effective, wide-spectrum 
antimicrobial compounds. One of the effective ways of achieving this demand has 
always been isolation, cultivation and surveillance of microbes from diverse natural 
environments. Microbes isolated from salt marsh sediments and halophytes are 
also promising sources of bioactive compounds and produce biocontrol agents that 
could have potential applications in medicine, agriculture and biotechnology (Lee et 
al. 2011; Chen et al. 2019; Gayathri et al. 2010; Kalyanasundaram et al. 2015; 
Gashgari et al. 2016) 
The simple, rapid and widely used agar diffusion plate method employed in the 
present study has also revealed the salt marsh isolates' antimicrobial activity. Four 
out of 69 screened study microbes produced extracellular antimicrobial compounds, 
active against Gram-negative and/or Gram-positive microbes. Based on 16S rRNA 
gene analysis, these four isolates, FINS_1-1-11, MARW_1-2-21, MARW_1-8-20, 
and MARW_1-2-22, showed phylogenetic similarity to Bacillus, Zooshikella, 
Alcaligenes and Rhodovulum respectively (similarity ratio >99%) (Tables 3.7 and 
3.8). These closest phylogenetic relatives have been also reported in literature for 
antimicrobial activity (Schallmey et al. 2004; Sethi et al. 2013; Lee et al. 2011; Kim 
et al. 2009; Zahir et al. 2013), except for MARW_1-2-22, whose closest relative is 
known for probiotic activity (Ying et al. 2020). 
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Bacillus species produce large quantities of extracellular enzymes and conduct 
industrially important reactions at varied pH and temperatures. Advanced gene 
cloning and growth media manipulations have further enhanced their application 
value (Schallmey et al. 2004; Vitullo et al. 2012; Carvalho et al. 2010). The closest 
relative of FINS_1-1-11, Bacillus mycoides, produces antifungal compounds, 
phenylacetic acid and methylphenyl acetate that suppress spore germination in 
Fusarium oxysporum and protects Fusarium-induced wilting of tomato plants (Wu 
et al. 2020). A co-culture of Bacillus mycoides and marine Streptomyces is also 
known to optimise the production of algicidal tryptamine derivatives which has a 
promising role in managing harmful algal blooms (Yu et al. 2015). 
A phylogenetically related bacterial strain of MARW_1-2-21, Zooshikella sp., 
produces natural compounds called prodigiosin, cycloprodigiosin and their novel 
analogues. These compounds are tested to have antimicrobial activity against 
several microbial species and anticancer activity against human melanoma cells (Yi 
et al. 2003; Lee et al. 2011). 
Productivity in traditional aquaculture farming suffers greatly from increased 
chemical oxygen demand (COD), nitrate levels, antibiotic resistant pathogenic 
bacteria etc. (Davidson et al. 2014; Su et al. 2017). However, the incorporation of a 
photosynthetic purple bacterium, Rhodovulum sulfdophilum (closest phylogenetic 
strain of isolate MARW_1-2-22), in marine aquaculture has shown its mitigation 
power by restricting COD, nitrate levels and the occurrence of sulfonamide 
(antibiotic) resistant bacteria (Ying et al. 2020). 
These literature sources of phylogenetic relatives of antimicrobial producing 
FINS_1-1-11, MARW_1-2-21, MARW_1-8-20, and MARW_1-2-22 provide a 
general idea that these isolates might also provide resources of novel biocatalyst 
and have biotechnological applications. In comparison to other microbes, bacteria 
are easy to maintain in lab conditions and easy to modify for the strain 
improvements (Sethi et al. 2013). Antimicrobial producing bacteria obtained in the 
present study are therefore valued and can be explored further to evaluate the 






3.4.6 Concluding Remarks 
These studies were conducted on a small fraction of the microbial isolates and 
lacked results for water isolates of Fingringhoe Wick salt marsh; due to time 
constraints and later shift in focus towards novel species characterisation, genome 
analysis of the two novel isolates, and work on the gel-stabilised gradient plates. 
The number of isolates taken for various analysis also varied in this study as they 
were processed at different times of the study and for different purposes. Despite 
these limitations, the discussed study results have shown the substantial culturable 




















Characterisation of MARW_1-7-2T and MARW_1-





















Two bacterial isolates of class Gammaproteobacteria, MARW_1-7-2T and 
MARW_1-2-27T are proposed in this chapter as novel species. Molecular-based 
analysis have suggested their phylogenetic placement within the genera 
Halomonas and Pseudoalteromonas respectively and results from a polyphasic 
taxonomic approach have confirmed that they represent new species. These 
bacterial strains were isolated from the salt marsh surface sea water sampled from 
Royal Society for the Protection of Birds Marshside (RSPB Marshside) Nature 
Reserve, established on Ribble estuary, Southport, Merseyside, in the North-West 
of England. Extended information on RSPB Marshside and on salt marshes in 
general is provided in chapter 1. 
4.1.1 The Genus Halomonas 
  4.1.1.1 Phylogeny 
Based on 16S rRNA gene phylogenetic studies of Halomonas and Deleya species 
Franzmann et al. (1988) proposed the inclusion of these genera into the new family 
Halomonadaceae. Later, with further exploration of 16S rRNA gene, and the 
description of new taxa, the family Halomonadaceae was amended by the 
unification of the genera Halomonas, Deleya and Halovibrio and the species 
Paracoccus halodenitrificans into the single genus Halomonas (Dobson and 
Franzmann 1996). 
Extensive studies made in recent years in hypersaline environments, have resulted 
in a large number of new species of genus Halomonas being isolated. The 
phenotypic heterogeneity of species within this genus (Mata et al. 2002), and the 
adoption of molecular- and genomic-based approaches such as 16S rRNA gene 
phylogeny, DNA-DNA hybridization (DDH) and average nucleotide identity (ANI); 
have also resulted in taxonomic re-positioning (e.g., Arahal 2002a) and prompted a 
more detailed examination of this group of bacteria (Kämpfer et al. 2018; Vreeland 
et al. 1980). Taking this into consideration, minimal standards for description of new 
taxa for the family Halomonadaceae were recommended (Arahal et al. 2007) and 






The taxonomic hierarchy of this genus, from domain to family can be described as 
Bacteria, Proteobacteria, Gammaproteobacteria, Oceanospirillales, 
Halomonadaceae (LPSN, n.d., viewed June 2020; Parte 2018; Diéguez et al. 2020; 
Dworkin 2006). 
At the time of writing, the family Halomonadaceae has fourteen validly published 
genera; Halomonas (Vreeland et al. 1980), Aidingimonas (Wang et al. 2009), 
Carnimonas (Garriga et al. 1998), Chromohalobacter (Ventosa et al. 1989), Cobetia 
(Arahal et al. 2002a), Halotalea (Ntougias et al. 2007), Halovibrio (Fendrich 1988), 
Kushneria (Sánchez-Porro et al. 2009), Larsenimonas (León et al. 2014), 
Modicisalibacter (Gam et al. 2007), Pistricoccus (Xu et al. 2016), Salinicola 
(Anan'ina et al. 2007), Terasakiispira (Zepeda et al. 2015) and Zymobacter 
(Okamoto et al. 1993). Halomonas is the type genus of the family Halomonadaceae 
and also the largest genus with a current total of 96 validly published species. 
Vreeland et al. (1980) first established this genus, with H. elongata defined as the 
type species. Distinctive characteristics e.g., extreme salt tolerance, resistance to 
the vibriostatic agent (0/129), negative cytochrome oxidase test, distinctive 
morphology cycle, glucose fermentation, flexible motility and high G+C content 
(60.5±0.5 mol%) placed strain 1H9T in the new genus Halomonas, which was 
previously classified in the gammaproteobacterial order Vibrionales and family II 
Vibrionaceae (Buchanan et al. 1974). 
4.1.1.3 Physiology 
Cells of species belonging to the genus Halomonas can be described as Gram-
negative, straight or curved rods. Members of the genus Halomonas are described 
as halotolerant or euryhaline halophiles i.e., able to grow in wide spectrum of saline 
concentrations, ranging from 0.1–32.5% (w/v). They mainly possess respiratory 
type of metabolism, having oxygen as the terminal electron acceptor. From a 
chemotaxonomic point of view, ubiquinone 9 is the significantly found respiratory 
quinone and C16:1, C17:0 cyc, C16:0, C18:1, and C19:0 cyc are the major fatty 






4.1.1.4 Ecology and habitats  
Halomonas is one of the most ubiquitous genera and can be found in many saline 
environments. Some of these members which are alkalophilic are also found in 
alkaline lakes and alkaline soils (Table 4.1). 
 
Table 4.1 Isolation sources of selected Halomonas species  
Species Isolation sources References 
H. aquamarina Marine water (Hawaii, USA) Akagawa et al. 1989; Dobson 
and Franzmann 1996 
H. campisalis Alkali lake sediment 
(Washington, USA) 
Mormile et al. 1999 
H. cupida Marine water (Hawaii, USA) Baumann et al. 1983; Dobson 
and Franzmann 1996 
H. desiderata Sewage treatment plant 
(Gottingen, Germany) 
Berendes et al. 1996 
H. elongata Solar saltern (Bonaire, 
Netherlands Antilles) 
Vreeland et al. 1980 
H. eurihalina Saline soil (Alicante, Spain) Mellado et al. 1995 
H. halodenitrificans Meat-curing brines Dobson and Franzmann 1996 
H. halodurans Great Bay estuary (New 
Hampshire, USA) 
Hebert and Vreeland 1987 
H. halophila Saline soil (Alicante, Spain) Quesada et al. 1984; Dobson 
and Franzmann 1996 
H. pantelleriensis Hard sand (Pantelleria, Italy) Romano et al. 1996 
H. salina Saline soils (Alicante, Spain) Valderrama et al. 1991; Dobson 
and Franzmann 1996 
H. subglaciescola Organic lake (Antarctica) Franzmann et al. 1987 







4.1.1.5 Biotechnological and ecological significance of Halomonas  
Various characteristics of Halomonas species are suggestive of their potential 
relevance in ecology and biotechnology and have been reviewed in detail (e.g., 
Ventosa 1995; Zhao 2014). Their ability to produce exopolysaccharide (Amjres et 
al. 2011), compatible solutes and hydrolytic enzymes such as amylase, DNases, 
lipase, protease, pullulanase (Mellado et al. 2004; Sánchez‐Porro et al. 2003), 
degradation of aromatic compounds (García et al. 2004), and their role in 
bioremediation, and fermentation of foods (Quesada et al. 2004; Hinrichsen et al. 
1994; Yoon et al. 2002) has been reported previously. Because of their capability 
to grow in diverse growth conditions, bioactive compounds produced by these 
halophiles can show optimal activities even in extreme conditions. e.g., their 
hydrolytic activities could offer an invaluable solution to treat oilfield waste where 
high temperature and salinity are found (Sánchez‐Porro et al. 2003). 
Several species of Halomonas, e.g., H. maura (Bouchotroch et al. 2001), H. rifensis 
(Amjres et al. 2011), H. ventosae (Martínez-Cánovas et al. 2004) can secrete 
exopolysaccharides (EPS). EPS are reported to have versatile biotechnological 
applications such as in immunomodulation, crude oil emulsification, viscosity 
enhancements in food products, bioremediation of heavy metal contaminated 
environments, and in biofilm formation (Amjres et al. 2015; Dworkin 2006; Quesada 
et al. 2004). In saline environments EPS is known to promote plant growth by 
conferring them salt tolerance through limiting the content of sodium ions available 
for the plant uptake (Upadhyay et al. 2011). EPS also creates a microbial 
rhizosheath surrounding the salt marsh plant roots through attachment of sandy soil 
and dinitrogen fixing soil bacteria to the plant roots (Bergmann et al. 2009). These 
halotolerant, EPS producing species of Halomonas thus could be a valuable 
resource for plant production systems where soils or irrigation water contain high 
salt concentrations (Ruiz-Lozano et al. 2000). 
4.1.2 The Genus Pseudoalteromonas 
4.1.2.1 Phylogeny 
Based on 16S rRNA gene analysis, Gauthier et al. (1995b) demonstrated 
heterogeneity amongst a few strains of the class Gammaproteobacteria. This 
phylogenetic analysis re-assigned eleven Alteromonas and one Pseudomonas 
species and proposed to place them in the new genus Pseudoalteromonas. The 
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genus continued to expand with further addition of novel species. Ivanova et al. 
(2004) introduced the new family Pseudoalteromonadaceae that embraced bacteria 
belonging to Pseudoalteromonas and the genus Algicola. 
4.1.2.2 Taxonomy  
The taxonomic hierarchy of the genus Pseudoalteromonas from domain to family 
can be described as Bacteria, Proteobacteria, Gammaproteobacteria, 
Alteromonadales, Pseudoalteromonadaceae. (LPSN, n.d., viewed June 2020; 
Parte 2018). 
At the date of writing, the family Pseudoalteromonadaceae included four validly 
published genera: Pseudoalteromonas (Gauthier et al. 1995b), Algicola (Ivanova et 
al. 2004), Psychrosphaera (Park et al. 2011) and Salsuginimonas (Sheu et al. 
2017). Pseudoalteromonas is the type genus of the family 
Pseudoalteromonadaceae which has a total of 47 validly published species, while 
P. haloplanktis is the type species of this genus (Gauthier et al. 1995b). 
4.1.2.3 Physiology 
Pseudoalteromonas species strains are aerobic, Gram-negative, non-spore 
forming, straight or slightly curved, rod shaped bacteria of size 0.2–1.5 µm x 1.8–
4.0 µm. They are mostly motile with single or peritrichous, sheathed or unsheathed 
polar flagella. These cells do not accumulate poly-beta-hydroxybutyrate and are 
oxidase positive, catalase positive or weak positive. Pseudoalteromonas requires 
NaCl or sea water for growth. Species within this genus utilize a variety of organic 
substances as energy and carbon source. They are characterised by their hydrolytic 
activities as they produce lipase, gelatinase, DNAses, caseinase etc. Most 
Pseudoalteromonas species are resistant to O/129 vibriostatic agent, polymyxin, 
penicillin and lincomycin (Dworkin 2006). 
4.1.2.4 Ecology and habitats 
Bacteria included in the genus Pseudoalteromonas are mostly isolated from diverse 
marine environments and biomes (Holmström and Kjelleberg 1999). Most of these 
species are able to tolerate 10% NaCl (w/v), and some can withstand up-to 15% 
(w/v) concentration (Bowman 1998). Examples of species within this genus isolated 
from diverse habitats are listed in Table 4.2. 
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The genus can be divided into two clades; pigmented and nonpigmented, the former 
possessing a larger genome (Bowman 1998; Bozal et al. 1997; Xie et al. 2012). 
Pigmented Pseudoalteromonas species tend to produce more biologically active 
compounds than the nonpigmented ones, whereas wider environmental tolerance 
is normally exhibited by the nonpigmented strains (Egan et al. 2002; Holmström et 
al. 1996; Holmström et al. 2002). P. tunicata which was isolated from an adult 
tunicate (Ciona intestinalis) has been shown to have antifouling activity which is 
related with its yellow pigmentation (Egan et al. 2002). Examples of other bio-
antifoulant producers are P. ulvae (dark-purple colonies, Egan et al. 2001), P. rubra 
(red colonies, Gauthier et al. 1976b), P. aurantia (orange colonies, Gauthier and 
Breittmayer 1979) and P. luteoviolacea (yellowish violet, Gauthier 1982; Gauthier 
et al. 1995b). This expressed antifouling property is beneficial to producer species 
as it allows them to competitively colonize new surfaces. It also acts as a defence 
mechanism for the neighbouring higher organisms in marine environments by 
inhibiting colonization and growth of fouling organisms on their surfaces (Holmström 
















Table 4.2 Isolation sources of selected Pseudoalteromonas species 
Species Isolation sources References  
P. amylolytica Surface seawater (Arabian sea) Wu et al. 2017 
P. antarctica Mud collected in the inlet of Admiralty 
Bay (South Shetland Islands) 
Bozal et al. 1997 
P. byunsanensis Tidal flat sediment (South Korea) Park et al. 2005 
P. flavipulchra  Surface seawater (off Nice, France) Ivanova et al. 2002c  
P. issachenkonii Thallus of the brown alga; Fucus 
evanescens (Kraternaya Bight, Kurile 
Islands, Pacific Ocean) 
Ivanova et al. 2002a 
P. luteoviolacea Surface seawater (Mediterranean Sea 
near Nice, France) 
Gauthier 1982; 
Gauthier et al. 1995b 
P. maricaloris Sponge Fascaplysinopsis reticulata, 
collected from the Coral Sea (Australia) 
Ivanova et al. 2002c 
P. piratica Mucus from a tissue-loss disease lesion 
on a Montipora capitate (Kane’ohe Bay, 
Hawaii) 
Beurmann et al. 2017 
P. piscicida Zones of red tides and surface of 
wounded fishes (South-West coast of 
Florida) 
Bein 1954 
P. ruthenica Mussel; Crenomytilus grayanus (Sea 
of Japan) 
Ivanova et al. 2002b 
P. rubra Mediterranean Sea water (Nice, France) Gauthier et al. 1976b 
P. shioyasakiensi Sediment samples (Pacific Ocean, at a 
water depth of 2100 m, off Shioyasaki, 
Japan) 
Matsuyama et al. 2014 
P. tunicata Ciona intestinalis; tunicate, collected 
from water off the (Western coast of 
Sweden) 
Holmström et al. 1998 
P. ulvae Marine alga; Ulva lactuca (rocky 
intertidal zone of Sydney, East coast of 
Australia) 
Egan et al. 2001 
 
4.1.2.5 Biotechnological and ecological significance of Pseudoalteromonas 
The ability of Pseudoalteromonas to occupy a wide range of marine habitats (Table 
4.2) indicates their adaptive and survival strategies and is suggestive of their 
potential applications in marine biotechnology research (Bowman 2007; Holmström 
and Kjelleberg, 1999). e.g., P. tunicata and P. issachenkonnii having antifouling 
activity have been proposed as an eco-friendly alternative to toxic marine anti-
foulant chemical paints (Holmström and Kjelleberg 1999; Yee et al. 2007; 
Dobretsov et al. 2007). The potential use of P. sagamiensis, P. undina, P. espejiana 
and other Pseudoalteromonas species in fish farming as a biocontrol, probiotic, 
nutrient enhancers and as a hatchery diet has been reported in multiple studies 
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(Fernandes and Kerkar 2019; Imada et al 1985; Kobayashi et al. 2003; Maeda et 
al. 1997; Wang et al. 2018; Gorospe et al. 1996; Uchida et al. 1997). Numerous 
Pseudoalteromonas species have also been reported to exhibit bactericidal, anti-
fungal and anti-algal activities, that target a range of organisms (Holmström and 
Kjelleberg 1999). P. phenolica for example exhibits bactericidal effect against 
methicillin-resistant Staphylococcus aureus and a few Enterococcus species and 
has potential as an antibiotic application (Isnansetyo and Kamei 2003). P. rubra 
produces extracellular polyanionic antimicrobial substances which interfere with the 
respiration of several bacterial species (Gauthier 1976b; Gauthier 1976a; Gauthier 
et al. 1995b). In marine environments, cohabitation of Pseudoalteromonas species 
with eukaryotes is commonly found (Table 4.2) that also shows ecologically 
relevant microbe-host interactions for survival of higher organisms living in its 
proximity (Holmström et al. 2002). 
4.1.3 Objectives of the Proposed Study 
This study followed up on cultivation and isolation of a salt marsh inhabiting bacteria 
and aimed to describe two isolates, MARW_1-7-2T and MARW_1-2-27T potentially 
representing new taxa. The isolates were analysed using a polyphasic approach, 
in accordance with standards of new species description, which integrated 
phenotypic tests with genotypic methods (Ramasamy et al. 2014; Arahal et al. 2007; 
Chun et al. 2018; Stackebrandt and Ebers 2006; Richter and Rosselló-Móra 2009). 
4.2 METHODS 
4.2.1 Sample Collection and Physico-chemical Analysis 
Salt marsh surface sea water samples were collected from RSPB Marshside, 
Southport, UK in June 2017 during low tide and immediately processed upon return 
to Edge Hill University, Biology lab. The geographical location of the sampling site 
and collection points within this site are shown in chapter 3, Fig. 3.2 and 3.3. 
Potential novel isolates MARW_1-7-2T and MARW_1-2-27T; described in this study 
were isolated from the water sample ID seven and two with GPS coordinates 
53°40'46.0"N 2°59'45.0"W and 53°40'46.0"N 2°59'56.0"W respectively. 
Further procedural details on sample collection and physico-chemical analysis are 




4.2.2. Microbial Isolation, Cultivation and Culture Maintenance  
Collected water samples were analysed for microbial cultivation, isolation and 
culture’s cryopreservation as per the procedure elaborated in chapter 2, section 
2.2. 
4.2.3 Test Procedures for Novel Species Characterisation 
Cryopreserved isolates MARW_1-7-2T and MARW_1-2-27T were revived by 
passaging twice on a marine agar media (pH 7.6±0.2, NaCl 4% (w/v)) and were 
further characterised using a comprehensive polyphasic approach. All 
characterisation tests were performed on freshly grown; 24–48 h old cultures as 
described below. 
4.2.3.1 Colony morphology and physiology observations 
Cellular and physiological characteristics of the isolates were tested using Hucker’s 
modified Gram staining method ‘A’ (Hucker and Conn 1923), motility testing by the 
hanging drop method (Gerhardt et al. 1981), catalase testing using 3% H2O2 
(Reiner 2010) and bacterial cytochrome oxidase testing using TestOxidase™ 
reagent (Pro-Lab diagnostics, PL 390). Detailed explanation of these procedures 
and their test result interpretations is described in chapter 2, section 2.3. 
Production of poly-β-hydroxyalkanoate (PHA) was assessed using a modified 
method of Lathwal et al. (2015). Marine agar in required NaCl concentration was 
supplemented with 2% (w/v) glucose (D (+), anhydrous, Timstar, GL2858), then 
streaked with pure cultures of MARW_1-7-2T and MARW_1-2-27T and incubated at 
35 °C for three days. Post incubation, 2 ml of lipophilic stain Sudan Black B; 0.3% 
(w/v) in 70% ethanol; was poured unto the plate and left undisturbed for 30 min. 
The plates were finally washed with 99% ethanol that removed excess of the stain 
from the colonies. The colonies that retained Sudan black were recorded positive 
for PHA. 
To confirm the oxygen requirement, inoculated marine agar plates were incubated 
in an anaerobic environment created inside a GasPak glass jar using GENbox 
anaerobic generator sachet (bioMérieux SA, 96 124) which contains activated 
charcoal, sodium ascorbate, and other organic and inorganic compounds that 
absorbs oxygen and releases carbon dioxide without addition of water or a catalyst. 
Once the generator is removed from its aluminium packaging cover, it is 
immediately placed inside the jar containing inoculated plates. The jar lid was tightly 
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closed and additionally sealed with silicon grease. The reaction starts as soon as 
the generator come in contact of air, so care was taken to minimize the time 
between opening the aluminium sachet containing generator and closing the jar. 
Anaerobic atmosphere was monitored by placing an anaerobic indicator strip 
(bioMérieux SA, 96 118) inside the jar without touching its inner side and was 
exteriorly visible. This entire system was then placed inside the incubator at 35 °C 
with minimum disturbance. In parallel, inoculated plates were incubated aerobically 
as a control. Growth was observed after 4–5 days of incubation. Isolates were 
tested in triplicate. 
4.2.3.2 Optimum growth requirements 
The detailed procedure of these measurements is explained in chapter 2, section 
2.4. 
In summary, optimum growth conditions of potential novel isolates were tested in 
this study at wide ranges of temperatures, NaCl concentrations, and pH. MARW_1-
7-2T and MARW_1-2-27T growth studies were conducted in liquid ‘growth medium 
A’ (Poli et al. 2013), and medium containing synthetic sea water supplemented with 
0.3% (w/v) peptone and 0.1% (w/v) yeast extract (Lyman and Fleming 1940; Bein 
1954) respectively. 
4.2.3.3 Biochemical tests 
Additional physio-chemical tests for MARW_1-7-02T and MARW_1-2-27T were 
performed in triplicate using commercially available miniaturized biochemical test 
strips. Acid production from carbohydrates was analysed using an API® 50 CH 
bacterial identification kit (bioMérieux SA, 50 300).  The substrate oxidation pattern 
of carbon sources and sensitivity against different chemicals was examined using 
BIOLOG GEN III MicroPlateTM (Biolog Inc., 1030). Other physiological properties 
and enzyme activities were assayed by API® 20 E (bioMérieux SA, 20 100) and 
API® ZYM kits (bioMérieux SA, 25 200). Detailed procedures of these test kits are 
given in chapter 2, section 2.5. 
4.2.3.4 Chemotaxonomic characterisation 
Respiratory quinones and polar lipids analysis 
A two-stage method was performed at Leibniz Institute - German collection of 
microorganisms and Cell Cultures (DSMZ) to extract respiratory quinones followed 
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by the separation of polar lipids from the potential novel isolates. 150 mg freeze 
dried biomass of isolates was allowed to react in sequential steps with hexane-
methanol (1:2), 0.3% (w/v) NaCl and cold n-hexane. After magnetic stirring and 
centrifuging this mixture, upper clear phase and bottom precipitate were separated 
and were analysed for respiratory quinones on HPLC; Agilent Technologies 1260 
Infinity II System (Tindall 1990b; Franzmann and Tindall 1990), and for polar lipids 
using two-dimensional TLC (Tindall et al. 2007; Bligh and Dyer 1959; Tindall 1990a; 
Tindall 1990b). These procedures are explained in detail in chapter 2, section 
2.6.1. 
Fatty acid profile  
As one of the recommended tools for biochemical characterisation of novel bacterial 
isolates (Arahal et al. 2007), gas chromatography (GC) analysis of cellular fatty acid 
was performed in this study. Novel isolates and their closest phylogenetic strains 
were analysed for fatty acid contents via fatty acid methyl esters (FAMEs, MIDI, 
Sherlock, Microbial Identification System, version 6.3) protocol and detected on an 
Agilent GC, 6890 series. Bacillus subtilis 6633T was used for QC validation as per 
manufacturer’s instructions. Comprehensive details of fatty acid procedure is 
provided in chapter 2, section 2.6.2. 
4.2.3.5 Antibiotic susceptibility test 
Microbial strains were also tested for sensitivity to thirteen different antimicrobial 
compounds using the diffusion agar method (Mata et al. 2002). The antimicrobial 
compound discs used in this study were either commercially available (Oxoid) or 
prepared in lab by impregnating sterile 5 mm paper discs with the required 
concentration of filter sterilised antibiotic solution. For both the isolates, each 
antibiotic was tested in triplicate. 
First, a loopful culture of freshly grown MARW_1-7-2T and MARW_1-2-27T was 
inoculated into their respective liquid growth medium (described in section 4.2.3.2) 
and incubated at 35 °C for 3–5 h to get a final inoculum OD600nm of 0.3–0.5. The 
respective autoclaved growth medium containing 0.9% (w/v) agar in 18 ml volume 
was inoculated with 2 ml of isolates’ incubated broth. This seeded agar media was 
then plated aseptically in a 9 mm petri plate and allowed to solidify. Antibiotic test 
discs were transferred aseptically onto the solidified seeded agar surface, followed 
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by incubation at 35 °C. To assess the antibiotic sensitivity, zones of inhibition were 
observed at 12, 24 and 36 h of incubation. 
4.2.3.6 Genetic studies 
Genetic studies such as phylogenetic identification based on 16S rRNA gene 
analysis and draft genome analysis were performed for novel species 
characterisation of isolates; MARW_1-7-2T and MARW_1-2-27T. 
Phylogenetic identification 
The steps involved in phylogenetic identification of the isolates are briefly 
mentioned below and explained in detail in chapter 2, section 2.7. 
The cryopreserved isolates from the present study were revived by passaging twice 
on a marine agar and then sequentially analysed by DNA extraction, PCR 
amplification and purification of PCR amplicons at Edge Hill University, Biology lab. 
DNA extraction 
The DNA extraction procedure consisted of three steps; reagent preparation, 
Zirconia bead washing in diluted bleach solution, followed by the actual DNA 
extraction procedure (Griffiths et al. 2000). 
16S rRNA gene amplification and sequencing 
Amplification and sequencing of the 16S rRNA gene from extracted DNA was 
performed using two universal, forward and reverse bacterial primers (Sigma) 
(Frank et al. 2008; Wilson et al. 1990). PCR products were purified using 
GenEluteTM PCR clean-up kit (Sigma-Aldrich, NA1020) and then taken for Sanger 
sequencing service outsourced to Core Genetics Service at University of Sheffield, 
UK, and Eurofins Genomics (GATC Biotech), Germany. 
16S rRNA gene data analysis 
For preliminary putative identification, isolates’ quality checked 16S rRNA gene 
sequences were BLAST against reference sequences of type microbial strains 
available in NCBI’s blastn (National Center for Biotechnology Information, n.d., 
viewed June 2020) and EzBioCloud web portal (EzBioCloud, Chunlab, May 2020, 
viewed June 2020). In the BLAST search, MARW_1-7-2T and MARW_1-2-27T 




Construction of phylogenetic tree 
To confirm the phylogenetic position of MARW_1-7-2T and MARW_1-2-27T to their 
most closely related reference strains, a phylogenetic tree was constructed 
according to the maximum-likelihood method, using isolate’s 16S rRNA gene 
sequence retrieved from its draft genome sequence data. 16S rRNA gene 
sequences of closest refence species of Halomonas and Pseudoalteromonas were 
retrieved from NCBI and EzTaxon database. Affiliation of 16S rRNA gene 
sequences was done using the parsimony ARB tool (Ludwig et al. 2004). 
Genome sequencing 
Pure cultures of MARW_1-7-2T and MARW_1-2-27T freshly grown at the Edge Hill 
University, Biology Lab were sent to MicrobesNG for genome sequencing in March 
2019. At MicrobesNG, draft genomes were sequenced on the Illumina HiSeq 2500 
platform. The sequence files of genome assembly received at Edge Hill University, 
Biology Lab were further assessed for quality and were annotated by the Rapid 
Annotations using Subsystems Technology (RAST) tool to predict gene structures 
and functions (Seemann et al. 2014; Aziz et al. 2008). Further details on genome 
analysis are described in chapter 5, sections 5.2. 
Analysis of genome sequence for novel taxa description 
Genomes of the potential novel isolates obtained in this study and genome of their 
closest phylogenetic relatives retrieved from NCBI and EzBioCloud GenBank 
database were analysed for species specific genome characteristics, such as DNA 
G+C content, calculation of average nucleotide identity (ANI) and DNA-DNA 
homology (DDH). 
DNA G+C (mol%) content of MARW_1-7-2T and MARW_1-2-27T was retrieved from 
their genome sequence. 
ANI is a recommended genome feature in novel species characterisation for the 
evaluation of similarity between two genomes (Goris et al. 2007; Jain et al. 2018). 
For this purpose, ANI web calculator available at ChunLab's Orthologous ANI 
server was used in this study (Lee et al. 2016), where the genome sequences of 
potential novel isolates and their phylogenetic relatives were uploaded. Cut off 
value of ANI for species boundary proposed by Richter and Rosselló-Móra (2009) 
was used to predict these results. 
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For genome comparison between isolates and their closest relatives, Genome-to-
Genome Distance Calculator (GGDC 2.1, Meier-Kolthoff et al. 2013a) bioinformatic 
web tool (http://ggdc.dsmz.de/) was used. This server calculates intergenomic 
distances between uploaded sequences, which are then converted into similarity 
values analogous to the wet-lab DDH results. In the present study, these DDH 
values were interpreted to confirm the novel status of the isolates based on the 
instructions provided by Tindall et al. (2010) and Wayne et al. (1987). 
4.2.3.7 Differentiation from closely related taxa  
To demonstrate the novel species status of MARW_1-7-2T and MARW_1-2-27T 
their morphological, physiological, genomic, chemo-taxonomical characters 
obtained in the present study were compared with those of their 7–8 closest 
phylogenetic relatives. 
 
4.3  RESULTS 
4.3.1 Physico-chemical Analysis of Salt Marsh Samples 
Isolates MARW_1-7-2T and -1-2-27T were cultivated from the mid marsh and low 
marsh sea water samples 7 and 2 respectively. The physico-chemical analysis 
results of these water samples, along with the cumulative data of all mid marsh and 
low marsh samples of this marsh visit are detailed in Table 4.3. 
 
Table 4.3 Physico-chemical parameters of sea water samples 7 and 2 collected at mid 
marsh and low marsh region of RSPB Marshside respectively. The cumulative data 
reported as the observed range with its mean written in parenthesis. 
 
Parameters Mid marsh Low marsh 
Sample 7 Cumulative data Sample 2 Cumulative data 
Salinity (g/100g)   2 2–2.8 (2.5) 
 
  2.4 2.4–3 (2.6) 
pH   8.8   7.5–8.8 (8.0)   8.1   7.9–8.2 (8.1) 
Phosphate (PPM)   0.87   0.25–0.87 (0.76)   0.75   0.5–0.75 (0.67) 
Iron (PPM)   0.15   0.1–0.6 (0.24)   0.2   0.05–0.3 (0.18) 





4.3.2 Halomonas Novel Species  
4.3.2.1 Colony morphology and physiology 
MARW_1-7-2T showed abundant growth when incubated for 2–3 days on marine 
agar at 35 °C. Colonies appeared cream white, semi-transparent, circular, convex, 
2–3 mm, with smooth consistency and entire margin. Mucoid consistency observed 
for culture incubated or refrigerated for more than a week. Gram-stained cells were 
found to be Gram-negative, 1–3 µm long, thin, single, straight rods. It did not reduce 
nitrates, nitrites or produce H2S. Differential test results shown by MARW_1-7-2T 
are displayed in Table 4.4. 
4.3.2.2 Optimum growth requirements 
Growth displayed by MARW_1-7-2T at different temperature, NaCl and pH 
conditions in comparison to its phylogenetically related close strains is described in 
Table 4.5. This isolate had shown optimum growth at temperature of 35 °C, NaCl 
concentration of 3% (w/v) and pH 6.5–7. Growth of MARW_1-7-2T ceased when 
medium pH was less than 5, and the operating values of temperature, NaCl and pH 
were risen beyond 45 °C, 20% (w/v) and 9 respectively. 
Growth studies of MARW_1-7-2T performed in NB growth medium to further 
evaluate its dependence on NaCl and other salts, showed no sign of growth in 
medium deprived of NaCl, when incubated up to 70 h. Whereas growth was 
observed in NB added with 3% (w/v) NaCl. 
4.3.2.3 Biochemical tests 
Differential biochemical test results of MARW_1-7-2T such as acid production and 
hydrolysis of various chemical components using API® 50 CH and API® 20 E test 
strips are displayed in comparative Table 4.6. MARW_1-7-2T was able to utilize 
variety of substrates for growth and was characterised by its hydrolytic activity for 
esculin. 
In addition, acid production was observed from D-ribose, D-fructose, D-turanose, 
D-salicin, potassium 5-ketogluconate and weak positive reaction from D-trehalose, 
when tested using API® 50 CH test strip. Incubation with following substrates did 
not yield acid: D-raffinose, L-rhamnose, D-cellobiose, D-melibiose, D- and L- 
fucose, erythritol, D-sorbitol, D-arabitol, methyl-αD-mannopyranoside, methyl-αD-
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glucopyranoside, N-acetylglucosamine, amygdalin, arbutin, inulin, glycogen, 
starch, and potassium 2-ketogluconate. 
Microbial breakdown of substrates observed using an API® 20 E test strip displayed 
oxidation of trisodium citrate, and L-tryptophan (tryptophan deaminase). Whereas, 
L-arginine, lysine, ornithine, D-sorbitol, D-mannitol, inositol, D-glucose, L-
arabinose, D-sucrose, D-melibiose, amygdalin, 2-nitrophenyl-ßDgalactopyranoside 
(ONPG test), were not hydrolysed. Indole and acetoin (Voges Proskauer test) were 
not produced. 
When tested with GEN III MicroPlateTM, following substrates did not support 
microbial growth: D-maltose, D-mannose, sucrose, D-raffinose, D- and L- fucose, 
L-rhamnose, gentiobiose, D-melibiose, D-cellobiose, D-trehalose, D-turanose, 
glycerol, myo- inositol, D-sorbitol, D-arabitol, D-gluconic acid, L-glutamic acid, D- 
and L-aspartic acid, N-acetyl-D glucosamine, L-arginine, L-alanine, D- and L- 
serine, 1% sodium lactate, guanidine HCl, niaproof 4, tetrazolium blue, p-hydroxy 
phenylacetic acid, bromo-succinic acid, potassium tellurite, and sodium butyrate. 
Whereas, microbial growth was observed in presence of D-fructose, D-galactose, 
D-salicin, lithium chloride, tween 40, propionic acid, acetoacetic acid and acetic 
acid. Sensitive of MARW_1-7-2T towards antimicrobials e.g., nalidixic acid, fusidic 
acid, troleandomycin, minocycline, rifamycin SV, aztreonam, whereas resistant 
against vancomycin was also noted when observed on GEN III MicroPlateTM. 
Positive enzymatic activity of MARW_1-7-2T was observed for alkaline 
phosphatase, esterase (C4), esterase, lipase (C8), leucine arylamidase, valine 
arylamidase, cystine arylamidase and naphthol-AS-BI-phosphohydrolase when 
tested using an API® ZYM test strips. Enzymatic activity of lipase (C14), trypsin, α-
chymotrypsin, acid phosphatase, α- and ß- glucosidase, N-acetyl-ß-









Table 4.4 Colony morphology and physiological characteristics of MARW_1-7-2T and closely related species 
All taxa are Gram-negative. 
 
Strains (data source in brackets): 1, MARW_ 1-7-2T (this study); 2, H. taeanensis BH539T (Lee et al. 2005); 3, H. halophila F5-7T (Quesada et al. 1984); 4, H. salina F8-11T (Valderrama et 
al. 1991); 5, H. smyrnensis AAD6T (Poli et al. 2013); 6, H. elongata 1H9T (Vreeland et al. 1980); 7, Cobetia marina ATCC 25374T (Arahal et al. 2002a). 
Abbreviations: T = Type strain; + = Positive; - = Negative; W+ = Weak positive; NG = Not given in novel species literature 
  
Characteristics  1 2 3 4 5 6 7 
Cell morphology Straight rod Short rod Rod Rod Rod Curved and 
straight rod 
Straight rod 
Pigmentation Cream white Cream Cream Slightly yellow  
or cream 
Dark yellow White Cream 
Motility - + + - - - - 
Production of PHA + NG NG + - + + 




Strict aerobe  
Oxidase + + + + - - - 
Catalase W+ + + + + + + 
Reduction of nitrates 
to nitrites (NO2)  








Table 4.5 Optimum growth features of MARW_1-7-2T and closely related species 
 
Strains (data source in brackets): 1, MARW_1-7-2T (this study); 2, H. taeanensis BH539T (Lee et al. 2005); 3, H. halophila F5-7T (Quesada et al. 1984); 4, H. salina F8-11T (Valderrama et 
al. 1991); 5, H. smyrnensis AAD6T (Poli et al. 2013); 6, H. elongata 1H9T (Vreeland et al. 1980); 7, Cobetia marina ATCC 25374T (Arahal et al. 2002a) 
Abbreviations: T = Type strain; NG = Not given in novel species literature  
 
Characteristics 1 2 3 4 5 6 7 
Temperature (°C) 
    Range 5 – 45 10 – 45 15 – 45 15 – 42  5 – 40 4 – 45   10 – 42  
   Optimum 35 35  30 – 37 32 37 37 37 
NaCl (%, w/v) 
   Range 0 – 20  1 – 25 2 – 30 2.5 – 20 3 – 25 0 – 32  0.5 – 20 
   Optimum 3 10 – 12 7.5 5 10 3.5 – 8  5 
pH  
   Range 5 – 9  7 – 10   5 – 10  6 – 10 5.5 – 8.5 5 – 9  5 – 10  





Table 4.6 Biochemical test results of MARW_1-7-2T and closely related species 
 
Strains (data source in brackets): 1, MARW_1-7-2T (this study); 2, H. taeanensis BH539T (Lee et al. 2005); 
3, H. halophila F5-7T (Quesada et al. 1984); 4, H. salina F8-11T (Valderrama et al. 1991); 5, H. smyrnensis 
AAD6T (Poli et al. 2013); 6, H. elongata 1H9T (Vreeland et al. 1980); 7, Cobetia marina ATCC 25374T (Arahal 
et al. 2002a) 
Abbreviations: T = Type strain; + = Positive; - = Negative; W+ = Weak positive; NG = Not given in novel 
species literature; ND = Not done 
 
 
Characteristics 1 2 3 4 5 6 7 
Biochemicals - Acid production from 
D-Glucose + + + - + + + 
D-Mannose - W+  - - + + + 
D-Sorbitol - + + - NG + - 
D-Xylose - - + - NG NG - 
D-Maltose + + + - + NG - 
D-Sucrose + + - - + + + 
D-Galactose + NG + - NG NG - 
L-Arabinose - + - - - NG - 
D-Trehalose W+ + - - NG + + 
D-Lactose - + - - - + - 
D-Mannitol + + - - NG + - 
D-Adonitol - - - - NG NG NG 
Inositol  - + - - NG - - 
Glycerol - + - - NG + + 
Hydrolysis of 
Gelatine  - - - - - + - 
Urea  - + - + - + + 
Starch  - - - - + - - 
Casein ND - - - + - + 
Esculin  + - + - + + - 
Gluconate  - NG NG - NG + + 
Tween 80 ND - - - + - - 
DNA  ND - NG - - NG + 
 
 
4.3.2.4 Chemotaxonomic characterisation 
Chromatogram analysis of ubiquinone showed two peaks in MARW_1-7-2T, the 
major quinone was identified as Q-9 and traces of Q-8 was also detected (Fig. 4.1, 
Table 4.7). 
This strain exhibited polar lipid profile of phosphatidylglycerol and 
phosphatidylethanolamine as major lipids, complemented with moderate amounts 
of phosphoaminolipid, one unknown phospholipid and a minor amount of 
diphosphatidylglycerol. The chromatogram of total lipids with polar lipid 
interpretations is shown in Fig. 4.2. 
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Analysis of the FAME profile of MARW_1-7-2T showed presence of C18:1 ω7c 
(48.19%), C16:0 (17.9%), summed feature 3 (C16:1 ω7c/15 iso 2OH; 15.93%) and 
C12:0 3OH (7.11%) as major fatty acids (>5%). Detailed fatty acid profile is 
mentioned in Table 4.8. 
 
 
Figure 4.1 HPLC chromatogram showing the peaks for ubiquinone 8 and 9 extracted from 
the isolate MARW_1-7-2T 
 
 
Table 4.7 Interpretation of HPLC chromatogram peaks observed for ubiquinone extracted 
from MARW_1-7-2T 
Abbreviations:  RT = Retention time 
 
Signal:     DAD1A, Sig=270,4 Ref=360,100 
RT [min] Type Width [min] Area Height Areas% Name 
6.059 MM m 0.19 17.68 1.43 3.05 Q 8 
9.652 BB 2.05 562.81 29.94 96.95 Q 9 






Figure 4.2 Polar lipid profile of MARW_1-7-2T after separation by two-dimensional thin 
layer chromatography (TLC) and staining with molybdophosphoric acid. Polar lipid 
content quantified by observing the intensity and area covered by the individual spots that 
appeared on TLC plate 
Abbreviations: PE = Phosphatidylethanolamine; PG = Phosphatidylglycerol; PN = Phosphoaminolipid; DPG = 




Table 4.8 Fatty acid profiles of MARW_1-7-2T and reference strains, all values in percentage 
 
Strains (data source in brackets): 1, MARW_1-7-2T (this study); 2, H. taeanensis BH539T (Lee et al. 2005); 3, H. halophila F5-7T (Quesada et al. 1984); 4, H. salina F8-11T (Valderrama et 
al. 1991); 5, H. smyrnensis AAD6T (Poli et al. 2013); 6, H. salifodinae BC7T (Wang et al. 2008); 7, H. saccharevitans AJ275T (Xu et al. 2007); 8, H. elongata 1H9T (this study); 9, Cobetia marina 
DSM 4741T (Arahal et al. 2002a); 10, H. organivorans G-16.1T (García et al. 2004); 11, C. crustatorum JO1T (Kim et al. 2010c)  
Abbreviations: T = Type strain; ND = Not detected in analysis; - = Not mentioned in novel species literature; NG = Not given in lnovel species literature; ¥ = Fatty acid percentages not 
mentioned in novel species literature; * = C16:1 ω7c/15 iso 2OH; © = Mixture of C16:1 ω7c and/or iso-C15:2-OH; $ = Mixture of C16:1 ω7c/iso-C15:0 2-OH; #  = Less than 1% 
 
Fatty Acid 1 2 3 4 5 6¥ 7 8 9 10 11 
C18:1 ω7c 48.19 29.10 - - 22.6 Major 30.65 48.54 20.7 NG 3.8 
C16:0  17.9 27.50 35 Major 20.6 21.76 26 24.6 
Summed Feature 3 15.93* 13.7© - - - 12.46© 16.7$ 22.2$ 
C16:1 ω7c ND - 21.4 - 10.37 - - - 
C16:0 ω7c ND - - Major - - - - 
C12:0 3OH  7.11 6.9 10.7 - - 6.16 9.5 25.3 
C10:0 2.58 3 Trace - - 2.03 1.7 4.5 
C19:0 CYCLO ω8c  1.67 9.40 5.6 - 4.42 2.69 4.9 ND 
11 methyl 18:1 ω7c  1.66 - - - - - - - 
C17:0 CYCLO 1.09 5.1 - - - - 13.8 9.4 
C18:0 0.83 0.5 - - 14.78 - Trace# 1 
C12:0 ND 3.7 1.3  - - 2.85 4 8 
C17:0 1.07 - - - - - Trace# ND 
Summed feature 8 (C18:1 ω7c/ω6c) ND - - - - - - - 




4.3.2.5 Antibiotic susceptibility 
Among tested antimicrobials MARW_1-7-2T showed resistance to streptomycin 
(concentration per disc, 10 µg) and vancomycin (30 µg), and susceptibility to 
cefotaxime (30 µg), tetracycline (30 µg), ciprofloxacin (5 µg), levofloxacin (5 µg) and 
cephalexin (30 µg). Its sensitivity to other antimicrobials in comparison to closest 
phylogenetic strains is shown in Table 4.9. 
 
Table 4.9 Susceptibility to antimicrobials in MARW_1-7-2T and closely related Halomonas 
species 
 
Strains: 1, MARW_1-7-2T; 2, H. taeanensis BH539T; 3, H. halophila F5-7T; 4, H. salina F8-11T; 5, H. smyrnensis 
AAD6T; 6, H. elongata 1H9T; 7, Cobetia marina ATCC 25374T 
Data source: MARW_1-7-2T from this study, rest observations from Mata et al. 2002 
Abbreviations: T = Type strain; + = Susceptible; - = Resistant; NG = Not given in novel species literature  
 
Antimicrobials tested 1 2 3 4 5 6 7 
Amoxicillin  + (30 µg) NG + (25 µg) - (25 µg) NG - (25 µg) + (25 µg) 
Nalidixic acid (30 µg) + - + + + 
Erythromycin (15 µg) + + + + - 
Carbenicillin disodium 
(100 µg) 
+ + + - + 
Ampicillin (10 µg) + + + - + 
Chloramphenicol  
(30 µg) 
+ + + + - 
 
 
4.3.2.6 Genetic studies  
Phylogenetic analysis 
BLAST analysis 
The 1247 bp long 16S rRNA gene sequence of MARW_1-7-2T that was obtained 
by the Sanger method and quality checked, was found to contain well-formed, 
distinctive, nucleotide peaks without any background noise. The preliminary BLAST 
analysis of this sequence phylogenetically placed MARW_1-7-2T close to the genus 
Halomonas. 
Further confirmation of this BLAST result and construction of phylogenetic tree was 
accomplished using the most complete 16S rRNA gene sequence of MARW_1-7-
2T retrieved from its genome sequence data. This 16S rRNA gene sequence was 




>1400 nucleotide suggested for new taxa characterisation (Arahal et al. 2007). This 
complete 16S rRNA gene sequence when BLAST on EzBioCloud and NCBI blastn 
web tool, the test isolate again showed phylogenetic relatedness to the genus 
Halomonas. Its first five closest phylogenetic (type strain) relatives found on 
EzBioCloud and NCBI blastn web search are as detailed in Table 4.10. 
 
Table 4.10 Similarity based on 16S rRNA phylogeny between MARW_1-7-2T and its closest 
type strain relatives, analysed using EzBioCloud and NCBI blastn tools 
Closest 
relative 
On EzBioCloud BLAST On NCBI blastn tool 
1st H. taeanensis BH539T (98.36%) H. smyrnensis AAD6T (96.36%),  
2nd  H. smyrnensis AAD6T (96.16%) H. halophila CCM 3662T (96.1%), 
3rd  H. salina F8-11T (95.89%) H. pacifica NBRC 102220T (96.04%) 
4th  H. salifodinae BC7T (95.87%) H. elongata 1H9T (95.65%) 
5th  H. halophila CCM 3662T (95.84%) H. caseinilytica JCM 14802T (95.58%) 
 
Phylogeny tree  
The phylogenetic position of MARW_1-7-2T was further evaluated by comparing its 
complete 16S rRNA gene sequence to those of its closest relatives, which includes 
type species of the genus Halomonas and a few other closest genera of the family 
Halomonadaceae (Fig. 4.3). The derived maximum likelihood tree showed 
MARW_1-7-2T falls within the cluster comprising Halomonas species. The new 
isolate was placed near to H. taeanensis, with a branch supported with the 
bootstrap value of 99%, that was also connected to two species of the genus 
Cobetia but with 81% bootstrap value. The 16S rRNA gene sequence similarity 
matrix values calculated from phylogenetic tree analysis further confirmed closest 
phylogenetic affinities of MARW_1-7-2T to the type species of H. taeanensis 
(97.1%), followed by H. halophila (95.0%), H. salina (94.8%), H. salifodinae 
(94.6%), H. saccharevitans (94.6%), H. elongata (94.5%), Cobetia marina (94.3%), 








Figure 4.3 Maximum likelihood tree showing phylogenetic position of the isolate MARW_1-
7-2T and representatives of the related taxa. Affiliation of 16S rRNA gene sequences was 
done posteriori using the parsimony ARB tool (Ludwig et al. 2004) without changing the 
overall tree topology. Numbers at the branch nodes highlighted with blue squares, refer to 
bootstrap values >50% (1000 iterations). 16S rRNA gene sequence of Bacillus subtilis was 
used as an outgroup. GenBank accession numbers are indicated in parentheses. 
 
Genome data analysis 
Genome sequencing of MARW_1-7-2T performed on Illumina HiSeq 2500 using 
250 bp paired-end protocol and 30x coverage provided a total of 326,822 reads (≥ 
0 bp). From these, a total of 79 contigs (≥ 0 bp) were obtained out of which 54 were 
≥1000bp. The N50, indicating the shortest contig length at 50% of the entire 
assembly was 137,558 bp. Genome size was 3,544,736 bp. G+C content was of 
MARW_1-7-2T and its closest relatives is as shown in Table 4.11. 
In-silico ANI and DDH values obtained after comparing genomes of MARW_1-7-2T 
with its closest phylogenetic strains of Halomonas and Cobetia species on 





Table 4.11 DNA G+C content, average nucleotide identity (ANI) and DNA-DNA 
hybridization (DDH) values of MARW_1-7-2T and its closest relatives. Average nucleotide 
identity (ANI) and DNA-DNA hybridization (DDH) values calculated in-between MARW_1-
7-2T and closest relatives by their genome sequence comparison on ChunLab's 
Orthologous ANI and GGDC 2.1 webtool respectively 
 
Data source of G+C contents: 1, MARW_1-7-2T (this study, calculated from genome data); 2, H. taeanensis 
BH539T (Lee et al. 2005); 3, H. halophila F5-7T (Quesada et al. 1984); 4, H. salina F8-11T (Valderrama et al. 
1991); 5, H. smyrnensis AAD6T (Poli et al. 2013); 6, H. saccharevitans J275T (Xu et al. 2007); 7, H. elongata 
1H9T (Vreeland et al. 1980); 8, Cobetia marina DSM 4741T(Arahal et al. 2002a); 9, C. crustatorum JO1T (Kim 
et al. 2010c) 
Abbreviations: T = Type strain; *Study results; NA = Genome sequence of type strains not available for ANI 





1 2 3 4 5 6 7 8 9 




ANI (%)* 100 84.8 NA NA 79.3 79.1 77.1 74.8 73.0 
DDH (%)*   100 29.2 NA NA 23.5 22.8 21.7 21.5 20.2 
 
4.3.3 Pseudoalteromonas Novel Species 
4.3.3.1 Colony morphology and physiology 
The colony morphology and physiology characteristics of MARW_1-2-27T in 
comparison to its closest phylogenetic relatives are shown in Table 4.12. 
MARW_1-2-27T colonies produced a shiny orange coloured pigment which was 
diffusible in liquid growth medium. Colonies were circular, 2–3 mm in diameter, 
semi-transparent, convex with entire margin and smooth consistency after 24–48 h 
of incubation at 35 °C on marine agar. Orange pigment produced by culture was 
diffusible in the liquid media. When observed under light microscope, gas bubble 
like structures were observed in the colonies. Gram staining showed Gram-
negative, 1 µm long, straight, thin, single rods. Cells were weak catalase positive 
and motile. Orange, 2-3 mm colonies were developed in aerobic conditions. 
Whereas in anaerobic conditions semi-transparent, 1-2 mm colonies were observed 






4.3.3.2 Optimum growth requirements 
Results of growth curve tests of MARW_1-2-27T performed at different temperature, 
NaCl and pH conditions are described in Table 4.13. This isolate displayed 
maximum growth at 35 °C, NaCl concentration of 1% (w/v) and pH 7. Its growth 
ceased when the pH was less than 6, as well as when temperature and NaCl 
concentration were raised above 40 °C and 13% (w/v) respectively. 
4.3.3.3 Biochemical tests 
Differential biochemical test results of MARW_1-2-27T and closely related species 
are summarized in the comparative Table 4.14. The full description of these results 
for MARW_1-2-27T are as mentioned ahead. 
Carbohydrate metabolism when tested in the isolate MARW_1-2-27T using an API® 
50 CH test strip, it showed acid production from D-mannose, D-fructose, D-
saccharose (sucrose) and esculin. Delayed acid production (6–7 days post-
incubation) was observed in the presence of D-lyxose and potassium 5-
ketogluconate. Acid was not produced from L-arabinose, D-ribose, D-glucose, L-
rhamnose, D-cellobiose, lactose, D-melibiose, D-trehalose, D-raffinose, 
gentiobiose, turanose, D-fucose, L-fucose, amygdalin, salicin, amidon (starch), 
inositol, D-mannitol, D-sorbitol, and D-arabitol. 
Breakdown of chemical compounds by MARW_1-2-27T when tested with additional 
test strips e.g., API® 20 E and BIOLOG GEN III MicroPlateTM, their cumulative tests 
results showed gelatine breakdown, positive test results for L-tryptophane, dextrin 
and weak growth in the presence of D-mannose. No hydrolysis was observed when 
incubated with L-arabinose, D-glucose, L-rhamnose, inositol, D-mannitol, D-
sorbitol, amygdalin, D-melibiose, pyruvate, L-arginine, and urea. 
Tests results of BIOLOG GEN III MicroPlateTM, showed no microbial growth when 
incubated with D-fructose, myo-inositol, D-galactose, salicin, D-cellobiose, D-
saccharose (sucrose), D-trehalose, D-raffinose, gentiobiose, turanose, D-fucose, L-
fucose, D-arabitol, N-acetylglucosamine, inosine, glycerol, D-aspartic acid, D-
serine, L-serine, L-glutamic acid, tween 40, L-lactic acid, alpha-hydroxy butyric acid, 
formic acid and lincomycin. 
When analysed with API® ZYM test strips, positive enzymatic activity for alkaline 




phosphohydrolase, as well as weak positive results for lipase (C14) and leucine 
arylamidase was observed. Whereas, acid phosphatase, ß-galactosidase, cystine 
arylamidase, trypsin, α-chymotrypsin, α-galactosidase, ß-glucuronidase, α - and ß 
- glucosidase, N-acetyl-ß-glucosaminidase, α-mannosidase, α-fucosidase 
enzymatic activity not observed. 
4.3.3.4 Chemotaxonomic characterisation 
The composition of quinone as determined by HPLC is shown in Fig. 4.4 and Table 
4.15. Q-8 (ubiquinone with eight isoprene units) was the predominant quinone 
found in the isolate MARW_1-2-27T. 
Isolate MARW_1-2-27T showed a polar lipid profile consisting of major lipids; 
phosphatidylethanolamine and phosphatidylglycerol. Moderate amount of 
aminophospholipid, trace amounts of amino lipid, unidentified lipid, and unidentified 
phospholipid were also found (Fig. 4.5). Polar lipid profile of MARW_1-2-27T in 
comparison to its closest phylogenetic relatives is as shown in Table 4.16. 
Detailed fatty acid profile of MARW_1-2-27T in comparison to its phylogenetic 
relatives is as described in Table 4.17.  Analysis of its FAME profile revealed that 
its major fatty acids (>5%) included C12:0 3OH (24.75%), summed feature 3 (C16:1 
ω7c/15 iso 2OH; 19.71%), C16:0 (16.73%), C12:0 (5.9%), C18:1 ω7c (5.6%) and 







Table 4.12 Colony morphology and physiological characteristics of MARW_1-2-27T and closely related species of genus Pseudoalteromonas 
All taxa are Gram-negative rods, oxidase positive, reduce nitrates to nitrites, produce gelatinase 
 
Strains (data source in brackets): 1, MARW_1-2-27T (this study);  2, P. piscicida ATCC15057T (Bein 1954; Buck et al. 1963; Hansen et al. 1965; Gauthier et al. 1995b; Gauthier and 
Breittmayer 1979; Ivanova et al. 2002c; Venkateswaran and Dohmoto 2000); 3, P. flavipulchra 208T (Ivanova et al. 2002c); 4, P. maricaloris KMM 636T (Ivanova et al. 2002c); 5, P. peptidolytica 
F12-50-A1T (Venkateswaran and Dohmoto 2000); 6, P. rubra 18T (Gauthier et al. 1995b); 7, P. spongiae UST010723-006T  (Lau et al. 2005) 
Abbreviations: T = Type strain; + = Positive; - = Negative; W+ = Weak positive; NG = Not given in novel species literature 
 
Characteristics 1 2 3 4 5 6  7 















Sea water of 
Yamato Island, 







Hong Kong  
Physiology 
Pigmentation Orange Yellow orange Orange Lemon-yellow Yellow Red Pale orange 
Gas bubble formation + NG NG NG NG NG + 
Motility + + + + + + - 
Oxygen requirement  Facultative 
anaerobe 
Strict Aerobe Strict 
aerobe 
Strict aerobe Aerobe Strict aerobe Strict aerobe 








Table 4.13 Optimum growth features of MARW_1-2-27T and closely related species of genus Pseudoalteromonas 
 
Strains (data source in brackets): 1, MARW_1-2-27T (this study);  2, P. piscicida ATCC15057T (Bein 1954; Buck et al. 1963; Hansen et al. 1965; Gauthier et al. 1995b; Gauthier and 
Breittmayer 1979; Ivanova et al. 2002c; Venkateswaran and Dohmoto 2000); 3, P. flavipulchra 208T (Ivanova et al. 2002c); 4, P. maricaloris KMM 636T (Ivanova et al. 2002c); 5, P. peptidolytica 
F12-50-A1T (Venkateswaran and Dohmoto 2000); 6, P. rubra 18T (Gauthier et al. 1995b); 7, P. spongiae UST010723-006T  (Lau et al. 2005) 
Abbreviations: T = Type strain; + = Positive; - = Negative; NG = Not given in novel species literature  
 
Characteristics 1 2 3 4 5 6  7 
Temperature (°C) 
   Range 10 – 40 10 – 37 10 – 44 10 – 37 15 – 40 10 – 37 12 – 44 
   Optimum 35 NG 25 – 35 25 – 35 30 NG NG 
NaCl (%, w/v) 
   Range 0 – 13  0.5 – 10 0.5 – 10 0.5 – 10 1 – 10 1 – 8.5 2 – 6 
   Optimum 1 NG 1 - 3 1 - 3 6 7 NG 
pH 
   Range 6 – 9.6 (or 
higher) 
6 – 8 5 – 12 6 – 10  6 – 10 6 – 10 5 – 1 0 
   Optimum 7 NG 7.5 – 8 7.5 – 8 6 – 7 NG NG 
Growth in the absence of sodium chloride. + - - - - - - 
Growth in presence of NaCl >12% (w/v) + - - - - - - 






Table 4.14 Biochemical and enzyme activity results of MARW_1-2-27T and closely related species of genus Pseudoalteromonas 
The isolates from the present study and most of its closely related strains were negative for H2S, Indole production, ß-galactosidase and urease activity. 
 
Strains (data source in brackets): 1, MARW_1-2-27T (this study);  2, P. piscicida ATCC 15057T (Bein 1954; Buck et al. 1963; Hansen et al. 1965; Gauthier et al. 1995b; Gauthier and 
Breittmayer 1979; Ivanova et al. 2002c; Venkateswaran and Dohmoto 2000); 3, P. flavipulchra 208T (Ivanova et al. 2002c); 4, P. maricaloris KMM 636T (Ivanova et al. 2002c); 5, P. peptidolytica 
F12-50-A1T (Venkateswaran and Dohmoto 2000); 6, P. rubra 18T (Gauthier et al. 1995b); 7, P. spongiae UST010723-006T  (Lau et al. 2005) 
Abbreviations: T = Type strain; + = Positive; - = Negative; W+ = Weak positive; NG = Not given in novel species literature 
 
Characteristics 1 2 3 4 5 6  7 
Biochemical tests 
Voges Proskauer test - + + NG NG - - 
Utilization of: 
D-Galactose  - + - + - NG - 
D-Maltose  - + + + + - + 
D-Glucose  - + + + + + + 
D-Fructose  - + + + - NG + 
D-Mannose  W+ + + + - + + 
D-Melibiose  - - - + NG NG - 
D-Saccharose (sucrose) - + + + - NG - 
D-Trehalose - + + + NG + - 
L- tryptophane (tryptophane deaminase) + NG NG NG NG + - 
Inositol - - NG NG NG NG + 
D-Mannitol - - - + - NG - 
D-Sorbitol - - - + - NG - 
Glycerol - - - + - - - 
N-acetylglucosamine - + + NG + NG + 
Amidon (starch) - + + + + + + 
Glycogen - + + + NG NG - 
Gelatine + + + + + + + 
Dextrin + NG NG + NG NG NG 
Citrate - + + + - - - 
Enzyme activity 
Catalase W+ + + + + W + 




Figure 4.4 HPLC chromatogram showing the peak for ubiquinone 8 extracted from 
the isolate MARW_1-2-27T 
 
Table 4.15 Interpretation of HPLC chromatogram peak observed for ubiquinone extracted 
from MARW_1-2-27T 
Abbreviations:  RT = Retention time 
 
Signal:     DAD1A, Sig=270,4 Ref=360,100 
RT [min] Type Width [min] Area Height Areas% Name 
6.054 MM m 0.19 1913.00 154.97 100 Q 8 















Table 4.16 Polar lipid profile of MARW_1-2-27T and closest Pseudoalteromonas reference strains. Polar lipid content of MARW_1-2-27T was quantified by 
observing the intensity and area covered by the individual spots that appeared on thin layer chromatography plates. 
 
Strains: 1, MARW_1-2-27T; 2, P. piscicida ATCC 15057T; 3, P. flavipulchra 208T; 4, P. maricaloris KMM 636T; 5, P. peptidolytica F12-50-A1T; 6, P. rubra 18T; 7, P. spongiae UST010723-006T   
Data source: 1this study; 2-7Ivanova et al. 2000b, Ivanova et al. 2002c and, Venkateswaran and Dohmoto 2000 
Abbreviations: NG = Not given in novel species literature; ND = Not detected in analysis; Only for ref. strains, * = total content >80%; $ = total content 10–20%; ≠ = total content <10%  
 
Polar lipid 1 2 3 4 5 6  7 
Major* phosphatidylethanolamine, 
phosphatidylglycerol 
phosphatidylethanolamine phosphatidylethanolamine  phosphatidylethanolamine   NG phosphatidylethanolamine, 
phosphatidylglycerol 
NG 







Traces≠ amino lipid, one unidentified 





phosphatidic acid,  
bisphosphatidic acid  
bisphosphatidic acid, 



















Figure 4.5 Polar lipid profile of MARW_1-2-27T after separation by two-dimensional thin 
layer chromatography (TLC) and staining with molybdophosphoric acid. Polar lipid content 
quantified by observing the intensity and area covered by the individual spots that appeared 
on TLC plate. Polar lipid profile consisting of major lipids; phosphatidylethanolamine and 
phosphatidylglycerol, moderate amount of aminophospholipid and trace amounts of one 
amino lipid, one unidentified lipid, and one unidentified phospholipid 
 
Abbreviations: PE = phosphatidylethanolamine; PG = Phosphatidylglycerol; PN = Aminophospholipid; AL = 











Table 4.17 Fatty acid profile of MARW_1-2-27T and closest Pseudoalteromonas reference strains, all values in percentage 
 
Strains (Data source in brackets): 1, MARW_1-2-27T(this study);  2, P. piscicida ATCC 15057T (Ivanova et al. 2002c); 3, P. flavipulchra 208T (Ivanova et al. 2002c); 4, P. maricaloris KMM 
636T (Ivanova et al. 2002c); 5, P. peptidolytica F12-50-A1T(Venkateswaran and Dohmoto 2000); 6, P. rubra 18T (Ivanova et al. 2002c); 7, P. spongiae UST010723-006T (Lau et al. 2005); 8, P. 
haloplanktis strain 215T (this study) 
Abbreviations: T = Type species; * = Summed feature 3 (C16:1 ω7c/15 iso 2OH); ND = Not detected; NG = Not given in novel species literature 
 
Fatty acid 1 2 3 4 5 6 7 8 
C12:0 3OH 24.75 0.3 0.16 0.21 6.14 0.22 6.9±1.2 5.04 
C16:0 16.73 27.4 17.58 16.3 17.46 16.5 18.4±2.9 15.95 
C16:1 ω7c 19.71* 40.2 29.56 35.89 NG 34.44 29.1±5.9 40.95* 
C12:0 5.9 0.6 0 0 1.85 0 NG 2.17 
C18:1 ω7c 5.6 7.6 6.85 6.76 3.03 11.19 6.4±1.2 5.44 
C10:0 3OH 5.26 NG NG NG NG NG NG 0.83 
C14:0 2.19 3.8 0.99 2.4 3.11 1.6 5.3±1.8 0.62 
C18:0 2.13 1.4 0.65 0.44 0.93 0.61 NG 4.92 
C12:0 ISO 3OH 1.93 0.3 0.16 0.21 6.14 0.22 NG 0.72 
C10:00 1.84 NG NG NG NG NG NG 0.15 
C17:1 ω8c 1.6 5.5 18.95 15.98 0.19 14.23 9.8±5.3 5.81 
C11:0 3OH 1.12 0.2 0.22 0.16 NG 0.2 NG 0.92 
C16:0 ISO 1.08 0.7 1.96 0.95 0.12 1.71 NG 0.94 
C17:0 1.04 2.15 6.72 4.04 NG 3.58 NG 4.36 
C18:1 ω9c 0.76 0.3 0.37 0.38 0.39 0.48 NG 0.62 
C16:1 ω9c 0.7 NG NG NG NG NG NG ND 
C15:00 0.55 1.7 2.68 5.54 NG 3.78 NG 2.11 
C15:1 ω8c ND 1.7 2.35 2.8 0.35 1.68 NG 1.06 
C18:0 ISO 0.28 0 0.35 0.12 NG 0.97 NG 0.57 
C17:0 ANTEISO ND 0 0.16 0.14 NG 0 NG 1.18 
C17:0 ISO ND 0.2 0.22 0.1 NG 0.26 NG 0.67 
C13:0 ND 0.4 0.16 0.34 NG 0.51 NG 0.17 
C19.0 10 methyl ND NG NG NG NG NG NG ND 




4.3.3.5 Antibiotic susceptibility 
The diffusion agar method (Mata et al. 2002) and GEN III MicroPlate test performed 
to check the susceptibility of MARW_1-2-27T against different antimicrobial 
compounds, revealed that isolate was sensitive to cefotaxime (concentration per 
disc, 30µg), levofloxacin (5µg), ciprofloxacin (5µg), cephalexin (30µg), carbenicillin 
disodium (100µg), nalidixic acid (30µg) vancomycin (30µg), chloramphenicol 
(30µg), rifamycin (concentration not available), erythromycin (15µg), ampicillin (10 
µg), lincomycin (concentration not available), streptomycin sulphate (10µg), but 
resistant to tetracycline (30µg). Weak resistance was exhibited to amoxicillin (or 
clavulanic acid, 30µg) with a 1 mm zone of inhibition. Comparison of these results 
to those of the closest phylogenetic relatives is as shown in Table 4.18. 
 
Table 4.18 Differential susceptibility to antimicrobials by MARW -1-2-27T and closely 
related species of the genus Pseudoalteromonas 
 
Strains (Data source in brackets): 1, MARW_1-2-27T (this study);  2, P. piscicida ATCC 15057T (Bein 1954; 
Buck et al. 1963; Hansen et al. 1965; Gauthier et al. 1995b; Gauthier and Breittmayer 1979; Ivanova et al. 
2002c; Venkateswaran and Dohmoto 2000); 3, P. flavipulchra 208T (Ivanova et al. 2002c); 4, P. maricaloris 
KMM 636T (Ivanova et al. 2002c); 5, P. peptidolytica F12-50-A1T(Venkateswaran and Dohmoto 2000); 6, P. 
rubra 18T (Gauthier et al. 1995b; ); 7, P. spongiae UST010723-006T (Lau et al. 2005) 
Abbreviations: T = Type strain; + Positive; - = Negative; W+ = Weak positive; NG = Not given in novel 
species literature; * = Concentration not available 
 
Characteristics 1 2 3 4 5 6 7 
Tetracycline (30 µg) - - - - NG W+ + 
Erythromycin (15 µg) + + + + NG + NG 
Ampicillin (10 µg) + - - - NG NG + 
Lincomycin*  + - - - NG NG NG 














4.3.3.6 Genetic studies 
Phylogenetic analysis 
BLAST analysis 
Chromatogram obtained through Sanger sequencing when manually examined, it 
imparted well-formed, distinctive, evenly separated nucleotide peaks, without any 
or slight background noise that resulted in a good quality, unbiased, 633 bp long 
16S rRNA gene sequence. Primary phylogenetic analysis of this sequence on 
EzBioCloud and NCBI blastn tools showed phylogenetic similarity to the genus 
Pseudoalteromonas. 
Further confirmation of these BLAST results and assembly of a phylogenetic tree 
was performed using the most complete 16S rRNA gene sequence of MARW_1-2-
27T obtained from its genome. This 16S rRNA gene sequence was 1540 bp long. 
Analysis of this complete 16S rRNA gene sequence on EzBioCloud BLAST and 
NCBI blastn tool (performed on June 2020), confirmed phylogenetic assignment of 
MARW_1-2-27T near to the genus Pseudoalteromonas. Furthermore, its closest 
type strain relatives observed on these two tools are as shown in Table 4.19. 
 
Table 4.19 Similarity based on 16S rRNA phylogeny between MARW_1-2-27T and its 
closest type strain relatives, analysed on EzBioCloud and NCBI blastn tools 
Closest relative On EzBioCloud BLAST On NCBI blastn tool 
1st P. piscicida (99.86%) P. peptidolytica (99.61 %) 
2nd  P. flavipulchra (99.86%) P. issachenkonii (96.95%) 
3rd  P. maricaloris (99.79%) P. tetraodonis (96.89%) 
4th  P. peptidolytica (99.59%) P. spongiae (96.89%) 
5th P. rubra (98.52%) P. phenolica (96.82%) 
 
Phylogenetic tree 
The phylogenetic position of MARW_1-2-27T with its closest relatives from genus 
Pseudoalteromonas and few other closest genera of the family Alteromonadaceae 
was evaluated by comparing their complete 16S rRNA gene sequences, as shown 
in the phylogeny tree Fig. 4.6. The derived maximum likelihood tree showed that 




From the tree analysis, it showed closest phylogenetic affinities to P. piscicida 
(99.61% 16S rRNA gene sequence similarity matrix values from phylogenetic tree 
analysis), P. flavipulchra (99.58%), P. maricaloris (99.45%), P. peptidolytica 




Figure 4.6 Maximum likelihood tree showing phylogenetic position of the isolate MARW_1-
2-27T and representatives of the selected related taxa. Affiliation of 16S rRNA gene 
sequences was done posteriori using the parsimony ARB tool (Ludwig et al. 2004) without 
changing the overall tree topology. Numbers at the branch nodes highlighted with the blue 
squares, refer to bootstrap values >50% (1000 iterations). 16S rRNA gene sequence of 
Bacillus subtilis was used as an outgroup. GenBank accession numbers are indicated in 
parentheses. 
 
Genome data analysis 
Genome sequencing of MARW_1-2-27T performed on Illumina HiSeq 2500 using 
250 bp paired-end protocol and 30x coverage provided 1,956,858 reads. Total of 
220 (≥ 0 bp) contigs were obtained out of which 95 were ≥ 1000bp. The N50, 
indicating the shortest contig length at 50% of the entire assembly was 127,268 bp. 
Genome size was 5,427,456 bp. The G+C content of this isolate was derived from 
whole genome and its comparison to its closest phylogenetic relatives is as shown 




The resultant in-silico ANI and DDH similarities between MARW_1-2-27T and its 
closest phylogenetic relatives calculated by comparing their genomes are shown in 
Table 4.20. 
 
Table 4.20 DNA G+C content, average nucleotide identity (ANI) and DNA-DNA 
hybridization (DDH) values of MARW_1-2-27T and closest relatives. ANI and DDH values 
calculated by genome sequence comparison on ChunLab's Orthologous ANI and GGDC 
2.1 webtool respectively. 
 
Strains and G+C data sources in brackets: 1, MARW_1-2-27T (this study); 2, P. piscicida ATCC15057T 
(Ivanova et al. 2002c) 3, P. flavipulchra 208T (Ivanova et al. 2002c); 4, P. maricaloris KMM 636T (Ivanova et al. 
2002c); 5, P. peptidolytica F12-50-A1T (Venkateswaran and Dohmoto 2000); 6, P. rubra 18T (Gauthier 1976); 
7, P. spongiae UST010723-006T  (Lau et al.2005); 8, P. haloplanktis 215T (Baumann et al. 1972) 
Abbreviations: T = Type strain; * = Study results; NA = Genome sequence of type strains not available for ANI 
or DDH calculations 
 
Characteristics 1 2 3 4 5 6 7 8 
G+C (mol%) 43.21 42.7 41.7 38.9±0.4 42.0 47.1 40.6 42.9 
ANI (%)* 100 95.72 71.16 NA 80.65 71.52 70.66 71.24 
DDH (%)*   100 64.6 20.3 NA 23.9 19.6 23.1 19.3 
 
4.4 DISCUSSION 
The interpretations of the polyphasic analysis results of MARW_1-7-2T and 
MARW_1-2-27T are discussed as follows. 
4.4.1 Halomonas Novel Species  
4.4.1.1 Colony morphology, physiology and biochemical characters 
Colony morphology and physico-chemical characteristics of MARW_1-7-2T showed 
its similarities as well as distinctiveness to its closely related strains. 
Cream white pigmentation, Gram-negative character, halo-tolerance, oxidase 
production, and absence of intracellular granules, as well as negative results for 
Ortho nitrophenyl-ßD-galactopyranosidase (ONPG) activity, indole production, and 
Voges-Proskauer test; were some of the common morphological, physiochemical 
characteristics of genus Halomonas also exhibited by the potential novel isolate 
(Whitman 2015). 
On the other hand, lack of motility, weak catalase production showed by MARW_1-




to grow at temperature below 10 °C separated it from most of its closest 
phylogenetic relatives (Tables 4.4 and 4.5). Salt requirement studies of this isolate 
performed in medium A showed its ability to grow in the absence of NaCl which is 
distinctive not only from its closest reference strains but also from most of the 
species belonging to the genus Halomonas (Arahal et al. 2007). MARW_1-7-2T 
could be further differentiated from recognized Halomonas and Cobetia species 
based on additional unique properties like production of acids from sugars and 
hydrolysis of various substrates (Table 4.6). In contrast to the closest phylogenetic 
relative H. taeanensis, isolate MARW_1-7-2T could not reduce nitrates to nitrites 
(NO2), didn’t produce acid from D- mannose, D-sorbitol, D- lactose, glycerol etc. 
and failed to hydrolyse urea but could hydrolyse esculin (Table 4.6). 
These and another morphological and physiological characteristics of MARW_1-7-
2T as mentioned in Tables 4.4–4.6 have shown its biochemical status with respect 
to species of the genus Halomonas and furthermore strengthened its placement as 
a new species of this genus. 
Furthermore, positive test results for the production of hydrolytic enzymes such as 
alkaline phosphatase, naphthol-AS-BI-phosphohydrolase esterase, and lipase, as 
well as diverse growth features exhibited by MARW_1-7-2T exhibit its potential 
ecological role in hydrolysing organic phosphorus compounds (Annis and Cook 
2002) and its application as a control measure in polluted extreme environments 
(Gangola et al. 2018; Rao et al. 2010; Sánchez‐Porro et al. 2003; Sanchez-
Hernandez 2011). 
In addition to the salt tolerance tests performed, it would be useful to confirm the 
result of NB medium with 0% NaCl for incubation longer than 70 h, which was not 
possible during this study due to time limitation. This would further explore the NaCl 
or other marine salt requirements of the isolate MARW_1-7-2T. 
4.4.1.2 Chemotaxonomic characters 
Cellular components such as fatty acids, respiratory quinones and polar lipids 
composition are considered as useful chemotaxonomic markers for novel microbe 
species description and were therefore assessed in the present study (Collins and 
Jones 1981; Franzmann and Tindall 1990; Komagata and Suzuki 1988). 
Chemotaxonomic features of MARW_1-7-2T such as identification of Q-9 as a major 




and phospholipid as well as the fatty acid composition characterised by the 
presence of C18:1 ω7c, C16:0, C16:1 ω7c/15 iso 2OH and C12:0 3OH in major 
amounts (>5%) (Table 4.7, 4.8; Fig. 4.1, 4.2) were aligned with the typical 
chemotaxonomic pattern of the genus Halomonas (Franzmann and Tindall 1990; 
Whitman 2015). However, insignificant proportions of C19:0 CYCLO ω8c and 
C17:0 CYCLO in MARW_1-7-2T, contrasted with their reported values in its closest 
relative H. taeanensis (Table 4.8, Whitman 2015). 
4.4.1.3 Antibiotic susceptibility  
The test results of MARW_1-7-2T against different antimicrobial compounds (Table 
4.9) were mostly comparable to the antibiotic sensitivity characteristics of its 
phylogenetic relatives H. halophila and H. salina (5 out of available 6 results 
matched) than to H. elongata and C. marina. This possibly indicate the cellular and 
functional similarity of MARW_1-7-2T to the H. halophila and H. salina than the latter 
two. However, no further sensitivity data was available for detailed comparison of 
the isolate with the rest of the closest relatives. Studying antimicrobial susceptibility 
patterns in comparison to the phylogenetic relatives is considered as one of the 
required microbial features in novel species description (Arahal et al. 2007), hence 
further exploration of this information for the isolate MARW_1-7-2T remains 
necessary. 
4.4.1.4 Genetic studies 
In general, species within the genus Halomonas have a remarkably wide range of 
G+C content, 51.4–74.3 mol% as reported in the several Halomonas novel species 
literatures (Table 4.11, Gerhardt et al. 1981). In this study, DNA G+C content of 
MARW_1-7-2T derived from its genome sequence data was 65.14 mol%, which was 
within this range (Table 4.11). 
The 16S rRNA gene sequence of MARW_1-7-2T derived from Sanger sequencing 
and draft genome sequence were 1247 bp and 1540 bp long respectively. As the 
genome sequence provided full length 16S rRNA gene sequence (>1400 
nucleotide) suggested for new taxa characterisation (Arahal et al. 2007), it was 
employed further for phylogenetic identification and tree construction of MARW_1-
7-2T.  EzBioCloud BLAST analysis and phylogenetic tree construction performed 
using this sequence showed closest affinity of the isolate to H. taeanensis. While 




blastn and EzBioCloud tool results with respect to species level identification and 
16S rRNA gene similarity ratios (Table 4.10), EzBioCloud results were 
acknowledged in this study for it is more commonly referred in Halomonas novel 
species literature and contains extensively curated sequences as compared to the 
NCBI blastn tool (Park et al. 2012). 
The phylogenetic tree constructed with the 16S rRNA gene sequence retrieved from 
draft genome showed closest affinity of MARW_1-7-2T to H. taeanensis. Both these 
isolates were clustered together to form a clade with 99% bootstrap support and 
16S rRNA gene sequence similarity matrix value of 97.1%. According to the recent 
recommendations, 98.7–99% sequence similarity value has been proposed as a 
cut-off for identification of novel bacterial isolates (Stackebrandt and Ebers 2006; 
Kim et al. 2014), which is acknowledged in this study as a first indication to 
recognize MARW_1-7-2T as a potential novel species of the genus Halomonas. The 
separate branch of MARW_1-7-2T from H. taeanensis also suggested the distinct 
phylogeny between them at species level (Fig. 4.3). 
Besides 16S rRNA gene, other phylogenetic markers e.g., 23S rRNA (Kämpfer et 
al. 2018; Lee et al. 2005), gyrB and rpoD genes (Gan et al. 2018; Okamoto et al. 
2004) have also been reported for comparative phylogenetic analysis of Halomonas 
species. But so far these markers are shown to have a little impact on the taxonomy 
of the family Halomonadaceae (Diéguez et al. 2020; Ludwig and Klenk 2001). Also, 
there is a scarce availability of these reference sequences in public gene databases 
as compared to the 16S rRNA gene data. Thus, 16S rRNA gene remains a 
foundation of current taxonomic classification (Ludwig and Schleifer 1994; 
Ramasamy et al. 2014; Ludwig and Klenk 2001; Arahal et al. 2007). Concurrent 
complementary genome comparison is also offered by phylogenetic web tools e.g., 
ANI and DDH (Goris et al. 2007) which makes them useful for species level 
description (Arahal et al. 2007; Varghese 2015). 
ANI and DDH tests were conducted in this study, as it remains essential to 
determine genetic differences of the potential novel bacterium to its closely related 
species. ANI measurement is a recommended tool for the evaluation of similarity 
between two genomes, which involves the fragmentation of these genome 
sequences into fragments of approximately 1000 bp, followed by nucleotide 
sequence search, alignment, and identity calculation (Goris et al. 2007; Jain et al. 




server, applied in the present study for genome comparison uses OrthoANIu; the 
improved version of OrthoANI algorithm. According to Yoon et al. (2017), OrthoANIu 
exhibits good correlation, greater accuracy and runs faster than other commonly 
used ANI computational algorithms such as ANIb (ANI algorithm using BLAST) and 
ANIm (ANI using MUMmer). Both ANI and OrthoANI share similar species 
demarcation cut-off at 95–96% (Konstantinidis and Tiedje 2005; Lee et al. 2015; 
Richter and Rosselló-Móra 2009). ANI values calculated between MARW_1-7-2T 
and its closest phylogenetic relatives, were concluded according to this revised 
threshold of 95–96%; stated for the novel prokaryotic species definition. Since all 
ANI values calculated between MARW_1-7-2T and its phylogenetic relatives fall 
within 73–85% (Table 4.11), this further confirmed the novel status of MARW_1-7-
2T. 
DDH tests were also conducted for taxonomic purpose (Arahal et al. 2007; Keswani 
and Whitman 2001; Stackebrandt and Ebers 2006) as an important trait in species 
discrimination when 16S rRNA gene sequence similarities are ≥97% (Meier-Kolthoff 
et al. 2013b). This method for inferring whole-genome distances has been 
considered as a robust and more effective method for genome-based species 
delineation (Auch et al. 2010) and has a cut-off value of ≤70% to identify a potential 
new microbial species (Tindall et al. 2010; Wayne et al. 1987). The in-silico DDH 
similarity values between MARW_1-7-2T and its closest phylogenetic relatives were 
20–30%, (Table 4.11), far below the aforementioned DDH threshold of species 
boundary. Thus, it supported the placement of MARW_1-7-2T as a new species 
within the genus Halomonas. 
Phylogeny with Cobetia 
The phylogenetic tree derived in this study showed that MARW_1-7-2T and its 
closest relative H. taeanensis formed a close branch with species of the genus 
Cobetia (Fig. 4.3). Such proximity between these two genera has also been 
previously observed by Lee et al. (2005) and could have hampered the assignment 
of MARW_1-7-2T to the correct genus. However, in the present study this branch 
formed with Cobetia has a bootstrap value of 81%, which is less significant when 
compared to the robust branches of MARW_1-7-2T made with other species of 
Halomonas. Furthermore, higher 16S rRNA gene sequence similarity matrix values 
were observed between the MARW_1-7-2T and species of the genus Halomonas 




between MARW_1-7-2T and reference type species of the genus Cobetia were also 
less than that between MARW_1-7-2T and type species of the genus Halomonas 
(Table 4.11). Additional biochemical differences observed in Table 4.5 and 4.6 
further confirms that the new isolate should be classified within the genus 
Halomonas rather than Cobetia. 
4.4.1.5 Overall conclusion  
Based on physiological, biochemical and phylogenetic properties it is suggested 
that strain MARW_1-7-2T represents a novel species of the genus Halomonas, for 
which the name Halomonas aestuarensis sp. nov. is proposed (ae.stu.ar.en’sis. L. 
neut. n. aestuarensis, of an estuary). 
4.4.2 Pseudoalteromonas Novel Species 
4.4.2.1 Colony morphology, physiology and biochemical characters 
Morphological and physiological characteristics of MARW_1-2-27T (Tables 4.12–
4.14) such as orange coloured pigment production, Gram-negative, rod shape, 
motile cells, production of oxidase and gelatinase, ability to tolerate high NaCl 
concentration, resembles its similarity to the genus Pseudoalteromonas (Dworkin 
2006). 
MARW_1-2-27T was observed to be a facultative anaerobe as it grew both in 
presence and absence of oxygen, as opposed to closely related species within the 
genus Pseudoalteromonas which are reported to be strict aerobes. Interestingly, 
when incubated in an anaerobic environment a scant growth of MARW_1-2-27T was 
observed as semi-transparent colonies of 1–2 mm diameter, that lacked orange 
pigmentation. This might be the indication of oxygen requirement for the optimum 
microbial growth and for pigment production (Table 4.12). 
The genus Pseudoalteromonas could be regarded as obligately marine 
microorganisms as it mainly consists of species isolated from marine environments 
and most of them require sea water or sodium ions for their growth (MacLeod 1968; 
Dworkin 2006). They are halotolerant (Dworkin 2006) and can tolerate up-to 15% 
(w/v) NaCl concentration (Bowman 1998). The tests performed in this study to 
check halotolerance ability of MARW_1-2-27T showed its unique features with 
respect to its closest phylogenetic relatives. MARW_1-2-27T grew in absence of 




to grow at 40 °C was an uncommon trait amongst its compared closest relative 
strains, e.g., P. piscicida, P. maricaloris, and P. rubra as they can grow only up to 
37 °C (Table 4.13). 
Distinctive characteristics of MARW_1-2-27T such as weak catalase activity, 
inability to utilize D-glucose, amidon (starch), D-maltose, N-acetylglucosamine, 
glycogen and D-trehalose for growth contrast with most of its closest known 
Pseudoalteromonas strains which are catalase positive and could use these 
substrates for growth (Table 4.12 and 4.14). 
This morphological and physiological comparison of MARW_1-2-27T to its 
phylogenetically closest strains have featured its resemblance to some of the 
general characteristics of the genus Pseudoalteromonas as well as unique 
characters to support its inclusion as a new species of this genus. 
Furthermore, it would be useful to conduct an optimum growth experiment at pH 
higher than 9.6, and in a medium devoid of NaCl and other marine salts (e.g.in NB 
medium) that would allow further comparison of pH and salt requirements of 
MARW_1-2-27T to those of its closest relatives. 
These biochemical test results of MARW_1-2-27T such as ability to survive at a 
diverse range of growth conditions (up-to 13% (w/v) NaCl and temperature 40 °C) 
and hydrolytic enzyme production have been reported in microbial studies before 
to have potential ecological applications such as in remediation of polluted 
environments (Sanchez-Hernandez 2011; Gangola et al. 2018; Rao et al. 2010; 
Sánchez‐Porro et al. 2003) and plant growth promotion (Annis and Cook 2002). 
4.4.2.2 Chemotaxonomic characters 
Quinone composition of MARW_1-2-27T resembled the results obtained by 
Akagawa-Matsushita et al. (1992) for the type species of P. piscicida, P. 
haloplanktis, P. rubra and P. espejiana as well as to P. shioyasakiensis (Matsuyama 
et al. 2014), where it was found to be 100% Q8 (Fig. 4.4, Table 4.15). 
The phospholipids pattern specific to Pseudoalteromonas was also noted amongst 
MARW_1-2-27T and its closest phylogenetic relatives, such as major-moderate 
amount of phosphatidyl ethanolamine, and phosphatidyl glycerol as well as 
absence of diphosphatidyl glycerol and glycophospholipids (Table 4.16, Ivanova et 




moderate (10–20 %) or trace amounts (<10 %) in closest relatives was not detected 
in MARW_1-2-27T (Table 4.16, Fig 4.5). 
Though the characteristic absence of cyclopropionioic fatty acids and a noticeable 
degree of similarity among fatty acid components (e.g., C16:0 and C18:1 ω7c) of 
MARW_1-2-27T was in line with the fatty acid profile of genus Pseudoalteromonas 
(Ivanova et al. 2000b, Table 4.17), some of its fatty acid components were quite 
divergent when compared with to its closest phylogenetic relatives. A greater 
proportion (>5%) of C12:0 3OH and C12:0 as well as lesser proportions of C16:1 
ω7c and C17:1ω8c in MARW_1-2-27T found to be unique as compared to most of 
its closest relatives (Table 4.17). 
4.4.2.3 Antibiotic susceptibility 
Resistance to ampicillin and lincomycin has been reported before for the closest 
and far phylogenetic relatives of the MARW_1-2-27T (Dworkin 2006). In contrast, 
MARW_1-2-27T showed its unique susceptibility to ampicillin and lincomycin; 
antibiotics known to affect bacterial cell wall and protein synthesis respectively 
(Table 4.18). 
4.4.2.4 Genetic studies 
G+C content of MARW_1-2-27T derived from its genome data was 43.21 mol% 
which fall within the G+C range 37–48.5 % of the Pseudoalteromonas species and 
its closest relatives, as mentioned in the previous novel species literature of 
Pseudoalteromonas (Table 4.20). 
On EzBioCloud, MARW_1-2-27T shared closest phylogenetic similarity with P. 
piscicida, whereas its closest relative on NCBI was P. peptidolytica. 16S rRNA gene 
sequence of P. piscicida type strain found to be missing on NCBI blastn results. 
Though great variations were observed on EzBioCloud and NCB tool regarding the 
phylogenetic identification (Table 4.19), it was decided to continue with EzBioCloud 
results as most of the recent Pseudoalteromonas novel species literature refers to 
this webtool, and EzBioCloud seems to be more accurately curated tool (Park et al. 
2012). 
Though 16S rRNA gene sequence similarity value of 98.7–99% has been proposed 
as a cut-off for the identification of new bacterial species as per recent 
recommendations (Stackebrandt and Ebers 2006; Kim et al. 2014); this criterion is 




species indicated sequence similarity of >99% with some of its closest relatives P. 
piscicida, P. flavipulchra, P. maricaloris and P. peptidolytica (Table 4.19). 
As evolutionary position of MARW_1-2-27T was compared with its closest relatives 
based on their 16S rRNA gene sequences on phylogenetic tree (Fig. 4.6), P. 
flavipulchra, P. maricaloris and P. piscicida were found to be clustered together on 
a single clade and closely related to MARW_1-2-27T. From this clade, an 
independent sub-cluster is formed with MARW_1-2-27T and P. peptidolytica. 
Identical to these current observations, a description of novel species; P. 
peptidolytica (Venkateswaran and Dohmoto 2000) has reported high sequence 
similarity (99.1%) with P. piscicida. In this case, to confirm its novelty DDH and an 
additional gyrase B gene (gyrB) were analysed that resulted in much lower likeness 
between these two species (Venkateswaran and Dohmoto 2000). Similar 
phylogenetic results were also observed by Vanova et al. (2002c) between P. 
piscicida, P. flavipulchra, and P. maricaloris as their 16S rDNA sequence 
sequences always grouped them on a single clade and do not allow a distinction 
between them as a different species, except when analysed with DDH ratios instead 
(Ivanova et al. 2002c). It seems for some of these Pseudoalteromonas species 16S 
rRNA gene at times lacks the specificity required for the differentiation of close 
relatives and they cannot be distinguished based on their 16S rRNA gene threshold 
level (Venkateswaran and Dohmoto 2000). But when other supportive traits like 
DDH (Ivanova et al. 2002c), ANI (Huang et al. 2017b) or housekeeping genes like 
gyrB (Venkateswaran and Dohmoto 2000), recA, gapA and ftsZ (Beurmann et al. 
2017) were applied, differences were observed amongst such closely related 
Pseudoalteromonas species. Thus, from these literature studies, it was observed 
that DDH and ANI could be a faithful solution to define new Pseudoalteromonas 
species even in absence of 16S rRNA gene differentiation. So, in the present study 
to surpass the limitation of having lower 16S rRNA gene differences between 
MARW_1-2-27T and its reference strains, these genomic traits of DDH, and ANI 
were tested. 
The ANI value between isolate MARW_1-2-27T and its closest relative P. piscicida 
was 95.72%, (Table 4.20) which is on the borderline of new species threshold of 
95–96% (Konstantinidis and Tiedje 2005; Richter and Rosselló-Móra 2009) but is 




with the remaining reference isolates further indicates the distinctiveness of 
MARW_1-2-27T. 
The recommended DDH cut-off value that confirms the novel characteristic of the 
query isolate is ≤70% (Tindall et al. 2010; Wayne et al. 1987). As shown in Table 
4.20, since all DDH values in-between MARW_1-2-27T and its reference strains 
were <70%. this is a supplementary indication that MARW_1-2-27T could be a novel 
species. 
4.4.2.5 Overall conclusion 
Based on these polyphasic characterisation results, this study presents MARW_1-
2-27T as a novel species of the genus Pseudoalteromonas for which the name 
Pseudoalteromonas belisamaea sp. nov. is proposed (be.li.sa.maea. L. masc./fem. 
adj., of Belisama estuary, the Latin name for the Ribble estuary UK where the type 
strain was isolated, named after a Gallo-Brythonic goddess. 
Salt marsh has been sampled before for the isolation of a novel Pseudoalteromonas 
species from a tidal flat sediment (Park et al. 2005). However, the characterisation 
of Pseudoalteromonas belisamaea in my study could be the first evidence of 
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Developments in DNA sequencing and bioinformatics tools have promoted 
revolutionary wider applications of these techniques in several areas of biological 
research, including in microbial genomics. After the development of the first-
generation sequencing method in 1977 by Sanger et al., advances in the second 
and third generation sequencing technologies have improved performance by 
providing longer read sequences, reconstructing larger portions of genomes with 
the higher coverage, and assembly of more complex genomes (Kchouk et al. 2017). 
Though some of these techniques are laborious and highly expensive per sequence 
run (Watson 2014; Miyamoto et al. 2014), ongoing progresses offer easier sample 
preparation (Bashir et al. 2012), faster sequencing and lower running costs (Koren 
et al. 2012; Goldberg et al. 2006), in combination with well-adapted computational 
tools that manage and analyse the biological sequence data (Kchouk et al. 2017; 
Mestan et al. 2011). 
Advances in genome sequencing technologies have resulted in a large amount of 
microbial data being generated that is now amassed in various online databases 
such as NCBI GenBank, the European Nucleotide Archive, and the International 
Nucleotide Sequence Database Collaboration. This helps researchers to quickly 
find and access reference genomes and analyse them for the features of interest 
(Karp et al. 2019). Useful information can be derived from these resources by 
analysing and visualising it in suitable microbial genome web portals such as 
PATRIC (Brettin et al. 2015), The Kyoto Encyclopedia of Genes and Genomes 
(KEGG, Kanehisa et al. 2007), KBase (Arkin et al. 2018), Ensembl Bacteria (Howe 
2020), BioCyc (Karp et al. 2002) and Rapid Annotations using Subsystems 
Technology (RAST, Aziz et al. 2008). Each of these web portals have a set of tools 
such as genomic and metabolic analysis tools, search engines and analytical web-
services.  
Genome sequencing and analysis techniques are widely applied in microbial 
studies to explore the microbiome population structure (Sunagawa et al. 2015), 
identify novel microbes difficult to cultivate in the lab (Caputo et al. 2019; Eisen 
2007), fulfil the taxonomic requirements of novel species description (Stackebrandt 
et al. 1994;Tindal et al. 2010), map and identify gene mutations (Zuryn et al. 2010), 
and understand the transmission of pathogens in healthcare systems (Quainoo et 




microbial evolution and physiology (Fraser et al. 2000; Fraser-Liggett 2005), linking 
with proteomics (Walhout and Vidal 2001) and identifying gene targets of bio-
prospective potential (Gerdes et al. 2002; Roumpeka et al. 2017). 
Annotation is an effective way to reconstruct the metabolic features hidden inside 
the genome of an organism (Stothard and Wishart 2006). It is a process of 
identifying genes of the sequenced genome and labelling these genes with the 
useful information obtained by matching it with information on genome databases 
of known organisms. This process aids in assessing genome quality, and predicting 
assembly structure, gene locations and functions. The evaluation of biochemical 
pathways and the discovery of genes reflecting beneficial functions can be also 
achieved by this approach (Reed et al. 2006; Karp et al. 1999; Xie et. al 2012; 
Steward et al. 2017). 
Like sequencing technologies, rapid advances in annotation tools and 
improvements in their performance were also addressed (Zhou and Miller 2002; 
Overbeek et al. 2007; Galperin et al. 2015; Brettin et al. 2015). Vast numbers of 
bacterial, viral, and archaeal genomes can be predicted in a short period of time to 
produce standard-compliant and user-friendly output files using automated 
annotation tools, including those offered by NCBI (Tatusova et al. 2016), RAST 
(Aziz et al. 2008), IMG (Chen et al. 2019; Mukherjee et al. 2019), DFAST (Tanizawa 
et al. 2018) and COG (Galperin et al. 2015), to name but a few. 
The present work describes the genome sequencing and analysis of two novel 
species, MARW_1-2-27T and MARW_1-7-2T, respectively named 
Pseudoalteromonas belisamaea and Halomonas aestuarensis for the prediction of 
gene structure and gene function. Their draft genomes, sequenced on the second-
generation ‘Illumina HiSeq’ platform and annotated on the RAST tool were used to 
map the quality, structure, and metabolic features of their genomes. 
RAST is a web-based, fully automated annotation pipeline that predicts the gene 
assembly, protein coding and non-coding genes, reconstructs the metabolic 
network, and can also compare the newly annotated genome to the annotated 
genome datasets maintained in its SEED Viewer framework (Aziz et al. 2008). The 
RAST server works on the subsystem-based assertions (a set of abstract functional 
roles) and predicts which subsystems are present in the query genome. Metabolic 




connected to the RAST subsystems and functional roles of these systems are 
assigned to these genes. It produces a detailed estimation of the gene contents of 
both bacterial and archaeal genomes (Aziz et al. 2008; Overbeek et al. 2014). In 
the present study the RAST annotation tool was applied to explore the genome 
structures and interpret the gene functions of the novel isolates. 
5.1.1 Objectives 
One of the taxonomic requirements of novel species characterisation was fulfilled 
in this chapter by sequencing and describing the genomes of Pseudoalteromonas 
belisamaea and Halomonas aestuarensis.  For novel strains of bacterial taxa having 
16S rRNA gene sequence similarity value >97%, additional tests of genome 
comparison such as DDH and ANI are recommended. They can be derived by in-
silico analysis of the microbial genome as described in detail in chapter 4 of this 
thesis (Tindal et al. 2010; Stackebrandt and Ebers 2006). The genome description 
of the novel taxa is also considered mandatory to provide functional characteristics 
and general understanding of taxonomic groups (Thompson et al. 2013). 
To receive further biological insights into these two isolates, this study was also 
focused on their genes related to the adaptation, ecological and biotechnological 
potential, and virulence. The gene expression related to these features studied in 
novel microbes isolated from gradient-rich environments like salt marshes would be 
valuable for understanding of these novel taxa and it would also fulfil the demands 
of the microbial taxonomy (Thompson et al. 2015; Didelot et al. 2012; Van Belkum 
et al. 2001). 
 
5.2 METHODS 
5.2.1 Genome Sequencing 
The draft genomes of the novel species P. belisamaea and H. aestuarensis were 
sequenced on the Illumina HiSeq 2500 platform in March 2019 using the 
sequencing service provided by MicrobesNG (UK). The detailed sequencing 
procedure was as follows. 
At the Edge Hill University lab, one individual colony was picked from freshly grown 




MicrobesNG. These tubes contain beads and a cryo-preservative solution in sterile 
condition. The tubes were immediately transported to MicrobesNG at room 
temperature for further processing. As per the operating protocol of MicrobesNG, 
three beads from each sample tube were washed with extraction buffer (containing 
lysozyme and RNase A) and incubated at 37 °C for 25 min. Further to this, 
proteinase K and RNase A were added to each tube and incubated for 5 min at 65 
°C. Using an equal volume of SPRI (Solid Phase Reversible Immobilization) beads, 
the genomic DNA was purified and resuspended in an elution buffer (10 mM Tris-
HCl at pH 8.5) with no EDTA. SPRI beads are paramagnetic beads, that selectively 
bind to the nucleic acid by its type and size, facilitate high-performance isolation, 
purification and clean-up of DNA (Zhong et al. 2011). The extracted DNA was then 
fluorometrically quantified in triplicate with the Quant-iT dsDNA HS (high sensitivity) 
assay in an Eppendorf AF2200 plate reader. 
Next, genomic DNA libraries were prepared using a Nextera XT Library Prep Kit 
(Illumina, San Diego, USA) as per the manufacturer’s protocol with the following 
modifications: an input of two nanograms of DNA was used instead of one 
nanogram, and the PCR elongation time was increased from 0.5 to 1 min. 
DNA quantification and library preparation were carried out on a Hamilton Microlab 
STAR automated liquid handling system. Pooled libraries were quantified using a 
Kapa Biosystems library quantification kit for Illumina platform on a Roche light 
cycler 96 qPCR instrument. Libraries were sequenced on a short-read sequencing 
Illumina HiSeq platform using a 250 bp paired end protocol. The sequencing reads 
were then adapter trimmed using Trimmomatic 0.30 with a sliding window quality 
cut-off of Q15 (Bolger et al. 2014). The quality of reads was assessed using the 
bwa-mem software. De novo assembly was performed on trimmed reads using 
SPAdes version 3.7 (Bankevich et al. 2012). 
The sequence files of genome assembly were further assessed for its quality, gene 
structure and gene functions at Edge Hill University using RAST tool (Aziz et al. 
2008). 
5.2.2. Quality Check (QC) of the Genomes  
The approaches taken while accessing the quality of the final genome assembly of 





A quality assessment tool (QUAST 5.0.2) was used at MicrobesNG to evaluate the 
genome assembly by computing various metrics (Gurevich et al. 2013). Most of the 
assembly metrics were computed for the trimmed contigs larger than 500 bp. 
Operational parameters such as total depth of the sequencing coverage, trimming 
of sequencing reads at the beginning of the pipeline, and average number of 
uncalled bases (N's) per 100,000 assembly bases were observed for the 
assessment of study genomes. 
Additional quality checks were performed at Edge Hill University. Both sequenced 
genomes were evaluated for completeness and contamination on KBase Predictive 
Biology software that runs the application CheckM- v1.0.18 lineage workflow 
(KBase Predictive Biology, n.d., viewed November 2020; Parks et al. 2015). 
CheckM, is an automated method for assessing the quality of a genome using a 
broader sets of marker genes (Parks et al. 2015). Furthermore, to confirm if the full-
length genomes have been sequenced, their resultant sequence sizes (length sum 
of all contigs) were compared to the genome size of their closest phylogenetic 
relatives. The genome data of these phylogenetic relatives was taken from the NCBI 
and EzBioCloud database (National Center for Biotechnology Information, n.d., 
viewed June 2020; EzBioCloud, Chunlab, May 2020, viewed June 2020). 
Additionally, the 16S rRNA gene sequences retrieved from the isolate genomes 
were employed to confirm the authenticity of the final genome assembly (Chun et 
al. 2018). This 16S rRNA gene sequences were BLAST on the EzBioCloud tool 
(EzBioCloud, Chunlab, May 2020, viewed June 2020), and their results were 
compared with the BLAST results of the 16S rRNA genes of the isolates originally 
obtained from the Sanger sequencing method. The standards suggested for the 
prokaryotic genome annotation, such as requirements of specific sets of tRNAs, 
rRNAs and protein coding genes, were also observed in annotated genomes to 
confirm the annotation quality (Klimke et al. 2011). 
5.2.3. Genome Analysis 
Gene components and their functions in the microbial isolates P. belisamaea and 
H. aestuarensis were predicted by annotating their genomes on the RAST server 
(Aziz et al. 2008, RAST (n.d.), viewed November 2020). For this purpose, the 
Classic RAST tool with ‘RAST’ gene caller, and FIGfam of version ‘Release70’ was 
used to process the genome. Remaining working parameters like automatic fix 




genomes and their metabolic reconstructions were then analysed using the SEED-
Viewer environment which exists within the RAST (Aziz et al. 2008; Overbeek et al. 
2014). Annotated genomes were observed for the identification of protein-encoding 
genes (PEGs), tRNA and rRNA genes, the allocation of gene functions, and the 
reconstruction of the metabolic model. The subsystem data and associated PEGs 
of the annotated genomes were explored to find the genes related to the adaptation, 
ecological and biotechnological potential, and virulence of these microbes. 
 
5.3 RESULTS 
5.3.1 General Features of the Novel Isolates 
A summary of some general physico-chemical characteristics of the novel isolates 
of the present study analysed through wet-lab experiments (detailed description in 
chapter 3) can be found in Table 5.1. These characteristics were in accord with the 
related genome annotation results of the novel isolates of this study. 
 
Table 5.1 General physico-chemical features of the novel isolates  
Abbreviations: + = Positive; - = Negative; W+ = Weak positive 
 
General features P. belisamaea  H. aestuarensis  
Oxidase + + 
Catalase W+ W+ 
Motility + - 
Carbon metabolism Diverse metabolism Diverse metabolism 
Growth ranges, optimum conditions in brackets 
Salinity (% w/v) 0–13 (1) 0–20 (3) 
pH 6–9.6 (7) 5–9 (6.5–7) 
Temperature (°C) 10–40 (35)  5–45 (35) 
 
5.3.2 Genome Sequencing  
The draft genomes of P. belisamaea and H. aestuarensis obtained from Illumina 






5.3.2.1 Assembly and replicon information of the sequenced genomes 
The genome reads and assembly of the novel isolates sequenced with 30x total 
depth of sequencing coverage can be described as mentioned in Table 5.2. This 
data is extracted from the genome reports provided by MicrobesNG. 
 
Table 5.2 The genome reads and assembly features predicted for the novel isolates of the 
present study 
Genome reads and assembly P. belisamaea H. aestuarensis 
Number of reads (≥ 0 bp size) 1,956,858 326,822 
Number of reads (≥ 500 bp size) 602,734 203,000 
Number of Contigs (≥ 0 bp size) 220 79 
Number of Contigs (≥ 500 bp)  116 57 
Number of Contigs (≥ 1000 bp) 95 54 
G+C (mol%) 43.21  65.14  
 
5.3.2.2 Genome QC 
As MicrobesNG filtered out all short reads in the beginning of the pipeline, most of 
the assembly metrics computed were of the contigs larger than 500 bp. The list of 
assembly metrics analysed to assess the quality of the draft genomes of the isolates 
is mentioned in Table 5.3. 
Observations of the genome sizes of P. belisamaea and H. aestuarensis in 
comparison to their phylogenetic relatives, were as shown in Tables 5.4 and 5.5 
respectively. 
 
Table 5.3 Genome features predicted for the isolates, studied for the genome QC   
Abbreviations: N50 = Size of contig for which 50% of assembled reads are in a contig of that size or larger; 
N’s = Average number of uncalled bases per 100,000 assembly bases 
 
Genome features for QC P. belisamaea H. aestuarensis 
Total depth of sequencing coverage 30x 30x 
Total length (≥ 0 bp) 5,427,456 3,544,736 
N50 (base pair, bp) 127,268 137,558 
N's 0 0 
Number of tRNAs 115 62 





Table 5.4 Genomic sizes of the isolate P. belisamaea and its closest phylogenetic relatives. 




 P. belisamaea  P. piscicida 
ATCC15057T 
P. flavipulchra 





5,427,456 5,488,279 4,501,528  5,135,196  
 
Table 5.5 Genomic sizes of the isolate H. aestuarensis and its closest phylogenetic 








H. salina B6T 
Genome 
Size (bp) 
3,544,736 3,756,722 3,561,919 4,259,015 
 
The 16S rRNA genes extracted from the genomes of P. belisamaea and H. 
aestuarensis both showed BLAST similarity to the results obtained from the same 
genes sourced by Sanger sequencing- P. piscicida and H. taeanensis, respectively. 
When isolate genomes were evaluated on CheckM software, both genomes 
exhibited ≥99.9% completeness and ≤0.7% contamination. 
5.3.2.3 Genome annotation  
The genome annotation features of P. belisamaea (RAST ID 6666666.707877) and 
H. aestuarensis (RAST ID 6666666.711011) obtained by annotating their genomes 
on the RAST tool are mentioned below (Table 5.6). Annotation results were 
available within 6–12 h of the genomes being submitted on the RAST tool. 
 
Table 5.6 Genome annotation features predicted for P. belisamaea and H. aestuarensis 
using the RAST server 
Abbreviations: * = Number of amino acids for which at least one tRNA is annotated in the genome 
 
Genome features P. belisamaea H. aestuarensis 
Number of annotated features 4940 3199 
Number of Coding sequences 4819 3130 





When analysed on the RAST, the distribution of the coding sequences of the 
genomes of P. belisamaea and H. aestuarensis, into subsystems categories 
representing different functions, were observed as shown in Fig. 5.1 and 5.2 
respectively. For each genome, a bar chart and a pie chart displayed on the SEED 
Viewer elaborated the distribution of genes connected to the various RAST 
subsystem categories. Each of these categories were expandable down to the 
specific PEGs found in each subsystem (Fig. 5.2). The numbers in brackets 
represent the number of PEGs found in that subsystem. 
In P. belisamaea, 44% of genes were found to be corelated to the RAST 
subsystems; in the case of H. aestuarensis this portion was 60%. In both annotated 
genomes the largest number of sequences were observed in ‘Amino acids and 
Derivatives’ and ‘Carbohydrates’ categories. The subsystem distribution of the 
coding sequences of the new species genomes on RAST were additionally 
observed for those PEG categories specifically predicting functional genes for 
adaptations to environmental stress, ecological and biotechnological potential, and 
virulence. These predicted genes and their functions for the isolates P. belisamaea 
and H. aestuarensis are cumulated in Tables 5.7 and 5.8 respectively. The 
numbers in brackets represent the number of PEGs found in that subsystem. 
 
Figure 5.1 The functions assigned to the new genome P. belisamaea by the RAST 
subsystems. The leftmost bar chart (subsystem coverage) depicts the percentage of 
features from the selected organism that are in RAST subsystems i.e., 44%. A pie chart 







Figure 5.2 The functions assigned to the new genome H. aestuarensis by the RAST 
subsystems. The leftmost bar chart (subsystem coverage) depicts the percentage of 
features from the selected organism that are in RAST subsystems i.e., 60%. A pie chart 
shows the distribution of genes from the selected organism in different RAST subsystem 
categories. Each of these categories were expandable down to the specific genes found in 





Table 5.7 RAST subsystems and categories of protein encoding genes (PEGs) representing specific functions predicted in the P. belisamaea genome. The 
numbers in brackets represent PEGs found in that subsystem 
(A) Adaptive features  
Subsystems PEG categories PEG categories in detail 
Stress Response (174) 
 
Oxidative stress (74) Oxidative stress (30) 
Protection from Reactive Oxygen Species (11) 
Stress Response - no subcategory (64) Bacterial haemoglobins (44) 
Detoxification (15) Glutathione-dependent pathway of formaldehyde detoxification (3) 
Osmotic stress (7) - 
 Heat shock (16) Heat shock dnaK gene cluster extended (16) 
(B) Ecological potential 
Subsystems PEG categories PEG categories in detail 
Phosphorus Metabolism (60) Phosphorus Metabolism - no subcategory (60) High affinity phosphate transporter and control of PHO regulon (14) 
Phosphate metabolism (32) 
Nitrogen Metabolism (15)  Nitrogen Metabolism - no subcategory (15) Ammonia assimilation (14) 
Nitrosative stress (1) 
Sulphur Metabolism (28)  
 
Inorganic Sulphur assimilation (16) 
Organic Sulphur assimilation (3) 
- 
Iron acquisition and metabolism (58)  Iron acquisition and metabolism - no subcategory (55) 
Siderophores (3) 
- 








Table 5.7 continued… 
(C) Biotechnological potential 
Subsystems PEG categories PEG categories in detail 
Metabolism of Aromatic Compounds 
(21) 
Metabolism of central aromatic intermediates (14) 
 
Catechol branch of beta-ketoadipate pathway (4) 
Salicylate and gentisate catabolism (5) 
Homogentisate pathway of aromatic compound degradation (5) 
Metabolism of Aromatic Compounds - no subcategory (6) Aromatic Amin Catabolism (2) 
Gentisate degradation (4) 
Peripheral pathways for catabolism of aromatic 
compounds (1) 
Quinate degradation (1) 
Fatty Acids, Lipids, and Isoprenoids 
(122) 
Isoprenoids (35) Isoprenoid Biosynthesis (14)  
Polyprenyl Diphosphate Biosynthesis (5) 
Nonmevalonate Branch of Isoprenoid Biosynthesis (7) 
Amino Acids and Derivatives (454) Aromatic amino acids and derivatives (60) Chorismate Synthesis (12) 
Chorismate: Intermediate for synthesis of Tryptophan, PAPA 
antibiotics, PABA, 3-hydroxyanthranilate and more. (16) 
Common Pathway for Synthesis of Aromatic Compounds (DAHP 
synthase to chorismate) (8) 
Virulence, Disease and defence 
(104) 
Bacteriocins, ribosomally synthesized antibacterial 
peptides (12) 
Marinocine, a broad-spectrum antibacterial protein (4) 
Secondary Metabolism (10) Secondary Metabolism - no subcategory (3)  Lanthionine Synthetases (3) 
Bacterial cytostatics, differentiation factors and antibiotics 
(2)  








Table 5.7 continued… 
(D) Virulence 
Subsystems PEG categories PEG categories in detail 
Protein Metabolism (284) Protein degradation (64) Protein degradation (8) 
Proteolysis in bacteria, ATP-dependent (16) 
Proteasome bacterial (9) 
Motility and Chemotaxis (130) 
 
Motility and Chemotaxis - no subcategory (41) Bacterial Chemotaxis (41) 
Flagellar motility in prokaryotes (89) Additional flagellar genes in Vibrionales (4)  
Flagellum in Campylobacter (8) 
Virulence, Disease and Defence 
(104) 
 
Resistance to antibiotics and toxic compounds (78) Fosfomycin resistance (1) 
Resistance to fluoroquinolones (4) 
Tetracycline resistance, ribosome protection type (2) 
Beta-lactamase (9) 
Multidrug Resistance Efflux Pumps (27) 
Bacteriocins, ribosomally synthesized antibacterial 
peptides (12) 
Tolerance to colicin E2 (1) 
Colicin V and Bacteriocin Production Cluster (7) 
Invasion and intracellular resistance (14) - 
DNA Metabolism (127) 
 
DNA Metabolism - (30) External and Outer Membrane Nucleases (1) 
CRISPRs (7) - 
Regulation and Cell signalling (83) Regulation of virulence (9) - 
Cell Wall and Capsule (174) Capsular and extracellular polysaccharides (47)   






Table 5.8 RAST subsystems and categories of protein encoding genes (PEG) representing specific functions predicted in the H. aestuarensis genome. The 
numbers in brackets represent PEGs found in that subsystem 
(A) Adaptive features  
Subsystems PEG category PEG category in detail 
Stress Response (152) 
  
Oxidative stress (41) Oxidative stress (17) 
Protection from Reactive Oxygen Species (3) Rubrerythrin (3) 
Stress Response - no subcategory (43) Bacterial haemoglobins (27) 
Detoxification (23) Uptake of selenate and selenite (5) 
Glutathione-dependent pathway of formaldehyde detoxification (3) 
Osmotic stress (33) Choline and Betaine Uptake and Betaine Biosynthesis (28) 
Ectoine biosynthesis and regulation (4) Osmoregulation (1) 
(B) Ecological potential   
Subsystems PEG category PEG category in detail 
Sulphur Metabolism (21)  Organic Sulphur assimilation (6)  
Inorganic Sulphur assimilation (5) 
Sulphur Metabolism - no subcategory (10)  
- 
Phosphorus Metabolism (40) 
 
Phosphorus Metabolism - no subcategory (40) High affinity phosphate transporter and control of PHO regulon (8) 
Phosphate metabolism (20) 
Polyphosphate (2) 
Phosphonate metabolism (10) 
Nitrogen Metabolism (19) Nitrogen Metabolism - no subcategory (19) Nitrate and nitrite ammonification (7) 
Ammonia assimilation (12) 
Iron acquisition and Metabolism (14) - - 
Secondary Metabolism (4) Plant Hormones (4) Auxin biosynthesis (4) 
Cell Wall and Capsule (131) Capsular and extracellular polysaccharides (36) dTDP-rhamnose synthesis (8) 
Capsular Polysaccharides Biosynthesis and Assembly (7) 
Rhamnose containing glycans (11) 





Table 5.8, continued… 
(C) Biotechnological potential  
Subsystems PEG category PEG category in detail 
Metabolism of Aromatic Compounds 
(20)  
Metabolism of central aromatic intermediates (15)  Homogentisate pathway of aromatic compound degradation (5)  
Catechol branch of beta-ketoadipate pathway (5) 
Salicylate and gentisate catabolism (3) 
N-heterocyclic aromatic compound degradation (2) 
Peripheral pathways for catabolism of aromatic 
compounds (2) 
Quinate degradation (1) 
Biphenyl Degradation (1) 
Metabolism of Aromatic Compounds - no subcategory (3) Gentisate degradation (3) 
(D) Virulence   
Subsystems PEG category PEG category in detail 
Protein Metabolism (264) Protein degradation (33) Protein degradation (6) 
Proteasome bacterial (6) 
Proteolysis in bacteria, ATP-dependent (12) 
Regulation and Cell signalling (74)  Regulation of virulence (7) - 
Cell Wall and Capsule (131) Gram-Negative cell wall components (38) Lipopolysaccharide assembly (25) 
Peptidoglycan lipid II lipase (1) 
LOS core oligosaccharide biosynthesis (8) 
Lipoprotein sorting system (4) 





The draft genomes of the two novel species P. belisamaea and H. aestuarensis 
sequenced in the present study are discussed with respect to their quality, 
annotated gene structure and gene functions as follows. 
5.4.1 Genome QC 
In the present study, QC checks to estimate the quality of the final assembly and 
the genome annotations were performed according to the standards given by Chun 
et al. (2018) and Klimke et al. (2011). Although the annotation guidelines were 
formulated for complete genomes, they are applicable to draft genomes as well 
(Klimke et al. 2011). 
According to these guidelines, the genome sequencing on an Illumina platform and 
the filtration of the raw reads before the genome’s assembly, as performed in the 
present study, are known to generate sequences of the standard required for 
taxonomic description (Chun et al. 2018). Trimming and filtering the low-quality raw 
reads with lengths of less than 500 bp is known to increase the quality of the data 
and improve the downstream analysis (Del Fabbro et al. 2013). 
The absence of uncalled bases also fulfilled one of the criteria of the quality 
sequenced genomes (Chun et al. 2018). The genome sizes of P. belisamaea and 
H. aestuarensis were within the ranges of the genome lengths of their closest 
phylogenetic relatives (Tables 5.4 and 5.5), and the completeness observed on 
CheckM tool was ≥99.9%, which together indicate that the query genome sequence 
has been nearly complete. 
According to Chun et al. (2018), one way of evaluating the contamination or 
mislabelling of a genome which can occur during sequencing is to observe the 
authenticity of the genome assembly. This authenticity of the genome assembly 
was also confirmed for the currently sequenced genomes of P. belisamaea and H. 
aestuarensis. The 16S rRNA gene sequence retrieved from their genome 
assemblies showed the expected phylogenetic similarity to the genera 
Pseudoalteromonas piscicida and Halomonas taeanensis respectively, as the 
isolates had already shown under investigation performed in chapter 3, Table 3.9. 
As observed in CheckM analysis, ≤0.7% contamination of both study genomes 




According to the standards provided for the prokaryotic genome annotations 
(Klimke et al. 2011), the annotated genome is required to have a set of ribosomal 
RNAs (at least one each of 5S, 16S, 23S), a set of tRNAs (at least one for each 
amino acid) and protein coding genes at expected density (all core proteins 
annotated and not all named hypothetical). The fulfilment of these standards 
observed while analysing the annotated genomes of the isolates of the present 
study; thus, has predicted the quality of this information required to include for 
preliminary draft genome analysis (Table 5.6). 
Furthermore, the depth of sequencing coverage is defined as the average number 
of reads of each base in the final assembly and is usually expressed in folds. e.g., 
the total depth of sequencing coverage provided by MicrobesNG on Illumina HiSeq 
was 30x. It means each base in the final assembly was read in 30 times on average. 
The sequencing coverage differs for all next generation sequencing (NGS) 
platforms due to their different accuracies and read lengths. Therefore, the value of 
coverage could vary for different sequencing platforms, and its requirement as per 
sequencing purposes. For the currently available NGS platforms, the coverage 
value of ≥50x has been recommended (Chun et al. 2018). This value was 
unfortunately not covered in the present genome sequencing study despite being 
analysed on Illumina HiSeq (reasons could be the genome production at a very 
competitive rate). However, since the 30x depth of coverage applied in this study 
fulfilled the minimal quality standards of the draft genome assembly and 
annotations, it was decided to proceed further with the sequence data analysis. 
5.4.2 The RAST Tool 
The genome annotation computed in this study on the RAST tool was based on 
mapping the genes to the RAST subsystems, followed by metabolic reconstruction. 
This tool offered high quality gene calling and functional annotation for both the 
complete and draft query genomes (RAST, n.d.; Aziz et al. 2008). It is one of the 
most rapid and user-friendly annotation servers and is fully automated. The 
software tools are already built in the RAST server for querying, visualising and 
analysing the data. Performing the advanced analysis in this server does not require 
additional packages or advanced user knowledge. It also effectively displays the 
sequences and functional annotation results in accessible formats that speed up 
the understanding of the genomic information (Bakke et al. 2009). RAST was also 




genomes (Klimke et al. 2011). For these reasons, to infer the genomes of the 
isolates, RAST is considered as a suitable annotation tool in the present study. 
However, one of the limitations of the RAST tool is the lack of software to identify 
pseudogenes in the query genomes. Pseudogenes possess high sequence 
similarity to their parental gene and their annotation can be problematic in function 
assignments (Aziz et al. 2008; Tutar et al. 2012). 
5.4.3 Genome Annotation Features of new species P. belisamaea and H. 
aestuarensis 
The genomes of P. belisamaea and H. aestuarensis, studied in this chapter, fulfilled 
one of the requirements of obtaining the genomic outlook for new taxa description 
of these isolates (Stackebrandt et al. 1994; Tindal et al. 2010; Thompson et al. 
2013). Simultaneously, these genomes allowed the assessment of revolutionary 
relationship and the rational taxonomic classification of these isolates into 
genetically and phenotypically coherent microbial taxa as described in chapter 4. 
In the absence of full-fledged wet lab resources required to explore the additional 
facets of these microbes, this information was extracted from their genome 
sequences. The genomic information increased our in-depth understanding of 
these microorganisms through their metabolic reconstruction and additionally 
satisfied the demands of the microbial taxonomy to provide adequate descriptions 
of these microbes in terms of their roles in ecological, industrial, and clinical 
environments (Thompson et al. 2015; Didelot et al. 2012; Van Belkum et al. 2001). 
When the genomes of P. belisamaea and H. aestuarensis were annotated on RAST 
it allowed the distribution of their genes into different subsystems of PEG 
categories. Predicted genes and their gene functions were then further analysed to 
describe these microbes for their adaptations to environmental stress, ecological 
and biotechnological potential, and virulence (Tables 5.7 and 5.8). These 
subsystems and PEGs of P. belisamaea and H. aestuarensis predicted in the RAST 
are discussed as follows. 
5.4.3.1 Adaptations to environmental stress 
P. belisamaea and H. aestuarensis, analysed for genome description in this 
chapter, were isolated from an upper intertidal marshy ecosystem called a salt 
marsh which is characterised by alternative cycles of high and low tides that bring 




1993). Physico-chemical gradients of e.g., salinity, pH, oxygen saturation, 
sulphates, nitrates, phosphates (Joye et al. 1995; Kim et al. 2010a; Sauret et al. 
2016; Cook et al. 2004; Gallagher et al. 1974) created across the salt marsh sites 
due to the tidal cycles are also affected by different seasons (Bolhuis et al. 2011) 
and geographical locations (Smith et al. 2002; Marton et al. 2015). Developing 
adaptations to the stress created by these highly dynamic conditions of salt marsh 
environments is therefore a key factor for the endurance of various organisms 
thriving across such regions, and hence for the overall sustenance of the 
ecosystem. The assessment of the genomes of P. belisamaea and H. aestuarensis 
for such adaptive features also described the interactions of these microorganisms 
with their native environment (Tables 5.7 and 5.8). 
In coastal wetlands, elemental recycling of nitrogen consists of nitrification followed 
by denitrification, resulting in the eventual return of nitrogen to the environment. In 
tidal wetlands the denitrification rates are greater (Valiela and Teal 1979; Seitzinger 
et al. 1988; Howarth 1988), which is the stepwise reduction of nitrate (NO3-) to a 
nitrogen gas (N2). The last two steps of complete denitrification are the reduction of 
nitric oxide (NO) to nitrous oxide (N2O), followed by the reduction of N2O to N2. In 
stressful conditions, an excess of reactive nitrogen species such as NO which are 
liberated during denitrification can cause nitrosative stress in higher plants (Corpas 
and Barroso 2013) and in microbes (Farr and Kogoma 1991). An excess of such 
reactive nitrogen species as well as oxygen radicals in the indigenous environment 
can cause damage to the bacterial proteins, cellular membranes, and nucleic acids 
(Farr and Kogoma 1991). An adaptive response to such stressful conditions 
however is predicted in P. belisamaea and H. aestuarensis. Their annotated 
genomes projected the production of bacterial haemoglobins (Tables 5.7 and 5.8) 
which are widely known to detoxify reactive nitrogen and oxygen species, probably 
by direct consumption of these radicals, that in turn offers protection to the microbes 
(Poole 2020; Frey et al. 2002). 
Formaldehyde, which is produced at significant levels in the environment by both 
non-biological and biological sources (e.g., as an intermediate of methylotrophic 
metabolism in salt marshes), is known to induce inactivation of various cellular 
components (Yurimoto et al. 2005). Detoxification of formaldehyde in a glutathione-
dependent pathway has been predicted in some of the detoxifying PEGs of P. 




formaldehyde through entrapment by cofactors such as glutathione has been 
reported before as a stress relief to the organisms from this toxic substance (Achkor 
et al. 2003). Additional genes which encode detoxification of naturally occurring 
toxic substances such as selenate and selenite were also projected in the annotated 
genome of H. aestuarensis. These substances otherwise would be mutagenic at 
high concentrations (Achkor et al. 2003; Bébien et al. 2002; Bebien et al. 2001). 
Genes encoding a nonheme iron protein called rubrerythrin, which has an 
antioxidant property, were also called in the H. aestuarensis genome (Table 5.8). 
Rubrerythrin has previously been reported to protect microbes against oxidative 
stress caused due to oxygen and organic radicals, starvation, adverse pH and 
temperature (Zhao et al 2007; Baatout et al. 2006), and reactive nitrogen species 
(Mydel et al. 2006). Additionally, osmoadaptation was predicted in H. aestuarensis 
as its 33 genes mapped for accumulation of osmoprotectants called betaines and 
ectoine (Table 5.8). Betaines and ectoine are taken directly from the environment, 
and betaines can also be synthesised from choline. These osmoprotectants are 
known to efficiently accumulate inside the microbial cells at high cytoplasmic 
concentrations, which could prove beneficial to the H. aestuarensis in response to 
the osmotic stress conditions of salt marshes (Kappes et al. 1999). These 
osmolytes are also known as a source of nitrogen, carbon, and energy in some 
bacterial species (Barra et al. 2006). These predicted osmoregulatory properties of 
H. aestuarensis seems to create suitable conditions for its survival in high salinity 
gradient environments such as salt marshes.  
As such large numbers of genes encoding stress responses were predicted in the 
genomes of P. belisamaea and H. aestuarensis (Tables 5.7 and 5.8), it provides 
evidence for the possible adaptive nature of these strains to the continuously 
changing salt marsh environments and their ubiquitous nature. 
4.4.3.2 Ecological potential 
Salt marshes are known to promote biogeochemical cycles and plant growth, 
protect upward land from floods, maintain marine water quality, reduce global 
warming, and display aesthetic value (Shepard et al. 2011; Van 1985). Microbial 
interactions with various salt marsh components are the driving force for most of 
these functions and one of the contributing factors towards maintenance of these 




2013; Buchan et al. 2003). The annotated genomes of salt marsh microbes P. 
belisamaea and H. aestuarensis have displayed several genes predicted to 
metabolise phosphorus, sulphur, and nitrogen (Tables 5.7 and 5.8). This indicates 
the beneficial role of these novel microbes in enriching the salt marsh sediments 
with organic and inorganic nutrients via different elemental cycles (Parkes et al. 
2012; Bernhard et al. 2010; Senior et al. 1982; Banat et al. 1981). Additionally, these 
microbes have exhibited genes involved in the synthesis of the plant growth 
promoting hormone auxin (Costacurta et al. 1995). 
There are 58 genes in P. belisamaea which predict microbe mediated iron capturing 
and highlight its possible ecological role in iron deficient marine environments 
(Butler 2005). Such microbe mediated enrichment of ecological sediments 
additionally protects salt marsh morphodynamics and functionality and forms the 
basis of food chains existing among these areas (Chmura et al. 2003; Yakimov et 
al. 2007). 
The large number of genes required for the secretion of extracellular substances, 
exopolysaccharide, as previously reported in Halomonas species (Diken et al. 
2015; Schwibbert et al. 2011; Park et al. 2020), were also found in the annotated 
genome of H. aestuarensis. These extracellular substances are known to promote 
plant growth in saline environments by imparting plants with a salt tolerance by 
limiting the content of sodium ions available for the plants’ uptake, stabilise the salt 
marsh soil sediments, and restrict the soil erosion (Stal et al. 2010; Van Gemerden 
1993; Upadhyay et al. 2011; Bergmann et al. 2009; Ruiz-Lozano et al. 2000). 
These roles of elemental recycling, the production of phytohormone and 
exopolysaccharides predicted in P. belisamaea and H. aestuarensis can promote 
the growth of diverse flora (Gayathri et al. 2010). This could in turn create dense 
halophytic zones of salt marshes and protect the upper land from flooding by 
slowing and absorbing floodwater, filtering the toxic waste, and maintaining the 
water quality (Shepard et al. 2011; Van 1985). Adaptive features predicted by the 
genes of P. belisamaea and H. aestuarensis to neutralise the naturally occurring 
toxic substances such as nitric oxide, formaldehyde, selenate, and selenite, which 
are lethal to the living organisms at high concentrations, could also prove a valuable 
bio-remedy for these and other organisms living in the vicinity of such contaminated 
environments (Achkor et al. 2003, Bébien et al. 2002; Bebien et al. 2001). These 




could thus promote the creation of distinct niches and house different plants, 
animals, and microbes in the salt marshes (Wilson and Whittaker 1995; Gray 1992; 
Dini-Andreote et al. 2014). 
4.4.3.3 Biotechnological potential 
Biotechnologically relevant genes annotated in the genomes of P. belisamaea and 
H. aestuarensis for the metabolism of aromatic compounds and their intermediates 
such as catechol, salicylate, gentisate, quinate, homogentisate, biphenyl, xylenols 
and cresols indicated the possible role of these microbes in bioremediation of such 
problematic environmental pollutants (Robertson and Hansen 2001; Xiang 2020; 
Díaz 2004; García et al. 2004). Additional genes encoding the metabolism of 
isoprenoids and antibiotics in P. belisamaea, and the secretion of 
exopolysaccharides in H. aestuarensis, showcase the commercial significance of 
these organisms (Tables 5.7 and 5.8). 
Isoprenoids predicted to be metabolised in P. belisamaea are the largest family of 
natural products and have wider applications in health, nutraceuticals, biofuels, 
cosmetics, and the food industry (Heuston et al. 2012; Li and Wang 2016). 
Additionally, some 36 genes of chorismate subsystems have been anticipated in an 
annotated genome of this organism. Chorismate is an intermediate for the synthesis 
of p-aminophenylalanine, which is a precursor for three antibiotics - 
chloramphenicol, pristinamycin and obafluorin (Blanc et al. 1997; Herbert and 
Knaggs 1992). Genes involved in the synthesis of the broad-spectrum antibiotic 
marinocine, and the secondary metabolism of paerucumarin and lanthionine 
synthetases were also predicted in an annotated genome of P. belisamaea (Table 
5.7). Lanthionine synthetases is a known key constituent in lantibiotics synthesis, a 
prevalent class of peptide antibiotics (Denoël et al. 2018). The presence of these 
genes predicting the synthesis of multiple antibiotics, and of the additional 58 genes 
predicting iron acquisition (Table 5.7), impart possible antifouling property to P. 
belisamaea which will probably be beneficial in pathogens biocontrol e.g., in plants 
and fish farming (Ahmed and Holmström 2014; Fernandes and Kerkar 2019; Imada 
et al 1985; Kobayashi et al. 2003; Maeda et al. 1997; Wang et al. 2018; Gorospe et 
al. 1996; Uchida et al. 1997) and as an eco-friendly alternative to toxic marine anti-
foulant chemical paints (Holmström and Kjelleberg 1999; Yee et al. 2007; 




Extracellular polysaccharides, predicted to be secreted by the H. aestuarensis 
(Table 5.8), are reported before to have multiple commercial applications, such as 
bioremediation of heavy metal contaminated environments, crude oil emulsification, 
viscosity enhancements in food products, and immunomodulation (Quesada et al. 
2004; Amjres et al. 2015; Dworkin 2006). 
As these favourable adaptive features predicted in the genomes of P. belisamaea 
and H. aestuarensis are discussed for their survival in diverse conditions of salt 
marshes, the aforementioned biological compounds can be expected to have vital 
commercial applications even in extreme environmental conditions (Sánchez‐Porro 
et al. 2003). 
5.4.3.4 Virulence 
Several Pseudoalteromonas and Halomonas species have been recognised as 
causative agents of infections in humans, plants, and animals (Sawabe et al. 1998; 
Choudhury et al. 2015; Bein 1954; Holmström and Kjelleberg 1999; Kim et al. 2013; 
Yeo et al. 2016; Kim et al. 2010b). As the ecological and biotechnological potential 
of P. belisamaea and H. aestuarensis has been suggested through their genome 
annotations in this study, applications of these strains for future usage therefore 
demands further analysis of their pathogenicity, and safety for users and their native 
environments. 
An annotated genome of P. belisamaea predicted a number of genes producing 
biologically active agents such as proteolytic compounds, bacteriocins, and 
nucleases (Table 5.7), which are known to impart antifouling properties to their 
producers and make them competitive, particularly in nutritionally poor 
environments (Gordon et al. 2007; Palanichamy et al. 2017; Raetz and Whitfield 
2002; Wang and Quinn 2010; Sawabe et al. 1998). This genome of P. belisamaea 
has also predicted its ability to invade diverse host environments through annotation 
of its large number of genes related to bacterial chemotaxis and motility, resistance 
to antimicrobial and toxic compounds, and iron acquisition (Josenhans and 
Suerbaum 2002; Erhardt 2016; Brown et al. 2001). Additionally, the CRISPRs 
sequences detected in the annotated genome of P. belisamaea are an indication of 
the microbe’s immunity against phage invasion (Barrangou et al. 2007). 
The genes of H. aestuarensis have revealed multiple genes potentially involved in 




and extracellular polysaccharides (Table 5.8). These features are known to impart 
pathogenicity, antifouling activity, and protection to microbes from the host defence 
(Rojas et al. 2009; Erhardt 2016; Joly-Guillou 2005). However, the genome lacked 
CRISPRs subunit genes, known for the bacterial immunity against phages 
(Barrangou et al. 2007). 
5.4.4 Inference of This Study Findings 
The present study has fulfilled the minimal genome and annotation standards for 
the use of draft genome data in the taxonomy of identified novel isolates (Thompson 
et al. 2013). Evaluation of genes related to the adaptation, ecological and 
biotechnological potential, and virulence was also accomplished through the 
genome annotation. However, a few pitfalls of these methods have also been 
noticed. 
The genome-based interpretation of microbial functions requires a high-quality 
complete genome and accurate analysis of their sequences that would infer their 
biochemical, physiological and ecological meaning (Klimke et al. 2011). Draft 
genome sequencing performed with sufficient redundancy and annotation quality is 
known to provide sufficient information at primary studies e.g., for taxonomic 
purposes (Chun et al. 2018).  But fragmented, short reads of the draft genomes can 
decrease the annotation efficacy that requires further mitigations to minimize false 
positive or false negative genome analysis results (Klassen and Currie 2012). 
Multiple gene fragments of same open reading frames (ORFs) being annotated 
separately (false positive) or shorter ORFs remained unannotated (false negative) 
could be detrimental for genome studies like description of evolution and adaptation 
(Klassen and Currie 2012; Ricker et al. 2012). The high-quality assemblies and 
completion of genome without any gaps and unidentified bases minimise such gene 
calling errors and can be more informative than the draft genome. However, given 
the challenges and comparatively higher cost related to completing the sequence 
by filling the gaps in the original genome assembly, for now draft genomes appear 
to be widely used in microbial genomics, which is essential for creating adequate 
information of the vast microbial diversity (Klassen and Currie 2012). 
Furthermore, defining genes for their physiological features in a cultivation-
independent way without lab experiment data to verify the computational genomic 




(Vaattovaara et al. 2019). Predicted functional genes of an annotated genome may 
or may not be expressed in their native environments under certain conditions and 
there are possibilities of missing or vague gene assignments, that is also varied with 
the quality of the available genome (Brenner 1999; Iliopoulos et al. 2003; 
Vaattovaara et al. 2019). The predicted gene function(s) can also be part of a 
biochemical cascade that would only activate when the remaining components of 
the cascade are available in the surrounding environment. Thus, the draft genomes 
described in the present study provides just a glimpse of the actual physiology of 
the novel isolates. 
Conversely, at primary study stages, in the absence of wet lab facilities or pure 
cultures, metabolic reconstructions of the query genomes derived by projecting the 
characteristics and biochemical capabilities of other known studied organisms could 
produce an estimate of a metabolic portrait of the organism of interest (Zhou and 
Miller 2002), which is undoubtedly useful to improve the general understanding of 
the biology of microorganisms. However, after utilising the genome data to narrow 
down to the specific features, the authentication of these gene results through wet 
lab-based studies would remain necessary. 
In the present PhD study, few physico-chemical parameters of both the novel 
species P. belisamaea and H. aestuarensis (Table 5.1) were indeed obtained via 
wet-lab experiments (more details in chapter 4) that could be related to the 
observations of their genome annotations. These wet-lab results of both the novel 
isolates showed diverse metabolism, oxidase and catalytic activity, wider growth 
range of salinity, pH and temperature that features their adaptability to diverse 
gradient-rich environment of the salt marshes (Table 5.1). These features could 
also be related to the large number of stress response, chemotaxis and 
bioremediation related genes inferred in their annotated genomes (Tables 5.7 and 
5.8). Further lab-testing of this isolates in conjugation with genomic data exploration 
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The advent and widespread use of 16S rRNA gene cloning and sequencing 
methods, together with other culture-independent studies employed to identify 
microorganisms in natural environments have revealed phylogenetically novel, 
uncultivated diversity among these habitats, some of which are extraordinarily 
microbe rich (Tang et al. 2018; Bolhuis and Stal 2011; Dojka et al. 2000). High 
proportions of microorganisms in most environments are still uncultured and 
frequently cited as approximately 99% (Fournier et al. 2017; Steen et al. 2019; 
Oren 2004; Schleifer 2004; Harris et al. 2004; Rappé and Giovannoni 2003). 
However, precise identification of these proportions is unclear as the underlying 
data are hard to identify (Fournier et al. 2017; Oren 2004; Schleifer 2004). Such 
results highlight the inadequacy of standard cultivation methods to provide a clear 
and faithful picture of the existing microbial biodiversity. 
“Candidate” phyla (phyla having no representatives in culture), such as the bacterial 
groups; TM6, TM7, WS6, and Marine Group A, are widely distributed, abundant in 
many environments and are probably important in bio-geo-chemical processes 
(Cottrell et al. 1999; Dong et al. 2019; Dojka et al. 2000; Rappé and Giovannoni 
2003; Olapade 2020). Via sequence-based techniques, clone libraries or 
phylotypes of cultivation-resistant bacteria were also found to be associated with a 
variety of pathological conditions (Behera et al. 2021; Kuehbacher et al. 2008; 
Fredricks et al. 2005; Brinig et al. 2003). Molecular biology thus has supported the 
investigation of yet uncultivable bacteria in various environmental settings. 
Function-based metagenomics is increasingly applied to study gene functions of 
such uncultured bacteria (Wang et al. 2012; He et al. 2015; Verberkmoes et al. 
2009), but further efforts to define their culture-specific physiology, stable taxonomic 
classification and species description still require their pure cultures in the lab 
(Rosselló-Móra and Amann 2015). Despite the frequent availability of genomic 
information, evolutionary processes of such candidate phyla in large populations 
are not well understood. Additionally, their microbial diversity, genome, biochemical 
and metabolic novelty remains largely unexplored (Rappé and Giovannoni 2003). 
The inability to bring many of these organisms into cultured state, also severely 
limits our ability to elucidate important aspects of these microbes such as their 
environmental role (e.g., in ecology and nutrient cycling) and potential applications 




uncultivable microbes for example could be the exploration of valuable catalysts 
and enzyme molecules for industrial applications (Lewis et al. 2010; Galvão et al. 
2005; Lorenz and Eck 2005) as well as the detection of novel antimicrobial 
producers that would address the ‘discovery void’; a term coined for the ongoing 
collapse in disclosure of new pharmaceutical compounds (Silver 2011; Leeds et al. 
2006). 
The well-recorded discrepancy between the microbial numbers observed under a 
microscope and the much lower number of microbes that grow on media plates is 
commonly known as ‘the great plate count anomaly’ (Staley and Konopka 1985). 
This could be due to either the existence of non-viable microbial cells or the failure 
of living microbes to form visible growth on general lab media (Harwani 2013). 
In classical lab cultivation methods, the over-reliance on homogeneous, eutrophic 
media that share little resemblance with the complexity of the natural environments 
is likely to be one of the major reasons why this enormous untapped biodiversity 
still eludes us. The natural habitats of most microbes are extremely dynamic and 
include spatial gradients of growth substrates, electron acceptors, pH, salts, and 
inhibitory compounds (Emerson et al. 1994; Brune et al. 2000). Though wide-range 
gradient-rich environments are perceived as hotspots of microbial diversity, 
targeting the diverse nutritional requirements of these microbes for their growth in 
the lab could be a challenging task. Most of the uncultivated bacteria exhibit slow 
growth rates (Chaudhary et al. 2019; Song et al. 2009; Vartoukian et al. 2010). The 
use of homogenous, eutrophic cultivation media might result in overgrowth of fast-
growing microbes; obscuring the growth of these slow-growing or rare microbial 
species (Bodor et al. 2020; Poindexter 1981). Substances already present in 
original media components or generated during media preparation could also curtail 
the microbial growth (Kawasaki and Kamagata 2017; Tanaka et al. 2014; 
Finkelstein and Lankford 1957). 
Other environmental factors that restrict the growth of uncultured microbes in vitro 
can be listed as: their rare occurrence or dormant phase that remained unbroken in 
general lab culture conditions (Deming and Baross 2000; Kell and Young 2000), 
symbiotic microbial association (Dunny and Winans 1999; Kim et al. 2011) and 
quorum sensing mechanism (Abisado et al. 2018; Li and Tian 2012; Romero et al. 
2011) that exists in environments but are not created in the lab, secondary 




requirements (Cartwright et al. 1994; Bakshi et al. 2019; Hata 2017; Connon and 
Giovannoni 2002), competition (e.g, Hibbing et al. 2010; Bell et al. 2013; Grover et 
al. 2000) or inhibition (Stewart 2012; Watsuji et al. 2007) e.g. due to bacteriocins 
produced by other microbes in mixed cultures (Shioya and Shimizu 2001; 
Subramanian and Smith 2015). 
To address the cultivability issue of microbes, the last few decades have brought 
some progresses with the development of a range of new lab approaches including: 
a) recognising and alleviating the pitfalls in the media preparations by adding 
substances that scavenge the toxic compounds produced while preparing media 
(Alvarez and Guijarro 2007; Bruns et al. 2002), altering the solidifying agents (e.g. 
Tamaki et al. 2009; Kawasaki and Kamagata 2017) and media preparation steps 
(e.g. Tanaka et al. 2014; Kato et al. 2018), b) designing growth media composition 
according to the molecular-based data of the members of the microbiome, that 
utilizes highly expressed metabolic genes of the microbiome to design a culture 
medium (e.g. Bomar et al. 2011), c) high-throughput extinction culturing for the 
isolation of oligotrophic prokaryotes from marine ecosystem that also involved 
microarray method for growth detection (Zengler et al. 2005; Connon and 
Giovannoni  2002); d) mimicking in situ environmental conditions of symbiotic 
microorganisms by cultivating them in a semi-permeable diffusion growth chambers 
(Kaeberlein et al. 2002), as well as e) enclosing single bacterial cells in 
microdroplets of solidified agarose followed by individual colony sorting into 
microtiter plates (Zengler et al. 2005). 
These new or modified lab techniques have brought interesting insights on 
cultivation strategies and have promoted growth of some previously undescribed, 
uncultured, or fastidious microbes (e.g., MSC1, Kaeberlein et al. 2002; 
Flavobacterium psychrophilum, Alvarez and Guijarro 2007). Some of these new 
methods are straightforward to implement e.g., modifications in media preparations 
and longer incubations (Kato et al. 2018; Alvarez and Guijarro 2007). Despite their 
promising results, most of them have not yet been widely adopted. That could be 
due to number of reasons such as preference for homogenous growth media that 
fail to meet the diverse growth requirements of many environmental microbes; their 
complex, time-consuming (Kaeberlein et al. 2002), and expensive (Connon and 
Giovannoni 2002) methodological protocols which lack applicability for large scale 




cultures in the lab (e.g. Kaeberlein et al. 2002); as well as preferable cultivation of 
only dominant microbes of the study environment (e.g. Bomar et al. 2011). Thus, 
cultivation attempts still remain heavily dependent on classical cultivation methods. 
The present study attempts to partially address the current gap in cultivation 
techniques by focusing on ameliorating and testing a plate diffusion technique that 
can be easily applied to replicate gradients of a wide-range biotopes as diverse as 
fresh water and coastal ecosystems (e.g. rivers, ponds, lagoons, estuaries, salt 
marshes; Bernhard et al. 2010; Cao et al. 2008), coniferous forests, tropical forests 
(Baldeck et al. 2016), grasslands (Tardella et al. 2016), fire-dependent ecosystems 
(Kirkman et al. 2001), and even more extreme environments such as deep-sea 
brines (Antunes et al. 2011; Antunes et al. 2019) or geothermal lakes (Weltzer et 
al. 2013). 
Plate diffusion methods have come a long way since the pioneer works of Beijerinck 
(1888). Later works resulted in the development of the ingenious wedge plate 
technique (Szybalski 1952; Szybalski and Bryson 1952) and the steady-state two-
dimensional gradient plate (Caldwell and Hirsch 1973), which constituted two major 
breakthroughs in this field. Further studies by Wimpenny and colleagues 
(Wimpenny et al. 1981; Wimpenny and Waters 1984; Wimpenny and Waters 1987; 
Peters et al. 1991; Thomas and Wimpenny 1993; Thomas and Wimpenny 1996a; 
Thomas and Wimpenny 1996b) improved the wedge plate technique and even 
permitted the establishment of multidimensional systems (i.e., systems where 
multiple parameters are varied simultaneously). Plate diffusion technique has been 
used before for studying microbial strain behaviour and growth patterns when 
exposed to varying concentrations of different substrates (Wimpenny and Waters 
1984; Panagou et al. 2005), for testing antibiotic susceptibility (Liu et al. 2011), and 
for surveying the antibacterial effects of food preservatives (Thomas et al. 1993). 
Despite some advances, the full potential of plate diffusion methods in the several 
fields of microbiology has not been truly explored, with its applications remaining 
almost exclusively restricted to auxanographic studies. The limited use of these 
techniques may be due to the bulky structure of diffusion plates and multi-reservoir 
systems (Caldwell and Hirsch 1973; Caldwell et al. 1973), expensive experimental 
setting (Hill 1991) or narrow range salinity and pH gradients that lack stability and 
replicability confirmations (Thomas and Wimpenny 1993; Thomas and Wimpenny 




A gel-stabilised gradient plate diffusion method was developed in the present study 
to extend its application as a new technical approach for the cultivation and isolation 
of microbes from gradient-rich environments. This method was specifically adapted 
to replicate the salinity and/or pH gradients encountered in marine environments. 
Extremely dynamic and heterogeneous gradient-rich environments at marine 
ecosystem like the one formed at the salt marshes, and brine and seawater 
interface of the deep-sea brines were areas of research interest in this study. 
Salt marshes are very diverse and extreme, compared to other marine ecosystems 
in terms of frequent environmental changes. Alternating wet and desiccated phases 
create unique horizontal and vertical spatial physico-chemical gradients across 
these environments. Physico-chemical gradients of e.g., salinity, pH (Nelson et al. 
2009; Rey 1992), redox potential (Rand 2001) and moisture content (Leeuw et al. 
1990) created at different flooding cycles and seasons across salt marshes are 
known to shape the microbial community structure and abundance (Bolhuis et al. 
2013; Webster et al. 2015; Nelson et al. 2009). Further details on salt marsh 
structure and their functions are given in chapter 1. Deep sea brine pools are 
formed by a process of re-dissolution of sub-bottom miocene evaporites followed 
by evaporites’ migration to the seafloor and later deposition in topological 
depressions of the deeps (Craig 1969; Cita 2006). As sea water circulates through 
these deposits, gradient areas of extremely varying salinity (4–28% w/v) and pH 
(5.2–8) are formed (Antunes et al. 2011; Shanks and Bischoff 1977). 
Characteristically steep gradients of temperature, salinity, pH and oxygen formed 
at these interfaces also trap organic and inorganic materials coming from seawater 
(Shanks and Bischoff 1977; Antunes et al. 2011; Cita 2006). Physico-chemical and 
nutrient gradients generated at this ecosystem supports microbial diversity which 
also forms the basis of food webs populating among these areas (Eder et al. 2001; 
Eder et al. 2002; Yakimov et al. 2007). 
By focusing on gradients formed at these heterogeneous high salinity environments 
like the one in deep-sea brines (ca 4–28% NaCl, Eder et al. 2001; Antunes et al. 
2011; Kaartvedt et al. 2016) and co-varying gradients present in salt marshes 
(salinity 1.2–3.6 % and pH 5.3–7.6, Piceno et al. 1999; Nelson et al. 2009), some 
of the promising features of gel-stabilised plates developed in this study were to 
have wide-ranged, stable, improved gradients, with high salinity values. 




robust, low-tech, and low-cost tool for the artificial recreation of naturally occurring 
interfaces and hence has a novel potential of direct and wider application in the 
isolation of microorganisms from these ecosystems, which is distinguishable to the 
previously reported gradient diffusion methods. 
 
6.2 METHODS 
6.2.1 Media Preparation 
Appropriate volumes of media, adjusted to different NaCl concentrations and 
supplemented with agar (Oxoid, LP0012) were prepared and autoclaved, followed 
by pH adjustment in sterile conditions. Gradient plates mimicking salt marsh 
ecosystem and brine-sea water interface were prepared with marine agar (BD 
DifcoTM, 2216; media composition at chapter 2, Table 2.4) and Halobacteria 
medium (HBM medium, composition in g/L, yeast extract 5.0, casamino acids 5.0, 
sodium glutamate 1.0, potassium chloride 2.0, trisodium citrate 3.0, magnesium 
sulphate 20.0, ferric chloride 0.036, manganese chloride 0.00036, agar 15.0, 
sodium chloride 200.0) respectively. These media were selected for gradient 
experiments as their contents nearly replicated the major mineral composition of 
sea water and other nutrients required for the growth of heterotrophic marine 
bacteria (Lyman and Fleming 1940) and as later medium supported the growth of 
Haloarcula marismortui; the strain used in mixed-culture inoculation of gradient 
plates as described later in this chapter at section 6.2.6. 
NaCl and pH values of media preparations required to develop a gradient mimicking 
salt marsh ecosystem were adjusted in marine agar (Table 6.1). The required NaCl 
concentrations were achieved with addition of NaCl powder and measured using a 
hand refractometer (Atago, S-28E, Japan). The pH of autoclaved media was 
adjusted by adding freshly prepared 1M NaOH or 1M HCl under aseptic conditions. 
Final pH was confirmed by testing aseptically aliquoted 1 ml media with pH indicator 
strips (non-bleeding, MColorpHastTM, Merck, 1.09584.0001). All media flasks were 
partitioned in 30 ml aliquots and dispensed into sterile 50 ml screw-cap tubes and 






Table 6.1 NaCl and pH concentrations adjusted in marine agar media for gradient 
development mimicking salt marsh ecosystem 
Media layer NaCl % (w/v) pH 
1st layer 5.5 8.5–9 
2nd layer 1 5 
 
 
Salt marsh physico-chemical parameters can vary from site to site, so values 
reported by Piceno et al. (1999) and Nelson et al. (2009) (salinity 1.2–3.6% (w/v) 
and pH 5.3–7.6) were adopted as a reference for media preparation. These values 
were used in our experimental setup to prepare two versions of plates; single-
gradient plates (either pH or salinity) and combined-gradient plates having both pH 
and salinity gradients co-occurring in the same plate. 
Additionally, high salinity plates were developed based on the results obtained in 
gradient optimization experiment (section 6.2.4). They mimicked the salinity 
gradient observed in brine-sea water interfaces, for which a salinity range of 4–28% 
(w/v) was taken as a reference value (Antunes et al. 2011; Kaartvedt et al. 2016). 
While developing these gradients, the four parallel plate approach was employed. 
The NaCl concentrations of first and second media layers of these four plates were 
adjusted as 6, 10, 14 and 18% (w/v) and 13, 17, 21 and 25% (w/v) respectively, to 
get slightly overlapping salinity values among these plates, cumulatively in the 
range of 6–24% (w/v). Four parallel plate approach was developed as a feasible 
alternative for covering the required salinity without suffering from faster gradient 
dissipation that would occur with single plate prepared with highly divergent salinity 
value. 
6.2.2 Gradient Plate Preparation 
All gradient plate pouring steps were performed on a levelling board, carefully 
adjusted by the four screws attached to its corners and confirmed with a spirit level. 
The use of a levelling board was essential to guarantee that uneven lab benches 
would not interfere with the process and assured replicability of conditions 
throughout all experiments. 
The levelling board consisted of a 45 cm x 25 cm acrylic rectangular sheet, firmly 




with a 9–10 cm gap in-between them to hold the agar plate in a slanted position 
(Fig. 6.1A). 
Gradient plates were established by consecutively pouring two 30 ml layers of 
medium having different conditions (of salinity and/or pH) into 10 cm x 10 cm x 2 
cm wettable surface squared petri dishes (Sarstedt, 82.9923.422). To get the 
required media wedge height, the edge of each petri dish was raised using the 
levelling board (Fig. 6.2A) prior to pouring the first media layer, with higher 
substrate concentration. Plates were allowed to cool and set in this tilted position, 
thus allowing the medium to solidify as a wedge shape (Fig. 6.2B). After returning 
plates to their horizontal position (Fig. 6.2C), the second layer, with lower substrate 
concentration, was then poured over the first layer (Fig. 6.2D). The plates were 
allowed to set and dry so that the layers could equilibrate vertically, and gradients 
could be established. This was immediately followed by incubation of these plates 




Figure 6.1 Overview of the gradient plating system and plating process used for media 
pouring. A- Plating system setup; B- Media pouring; C- Plates after pouring of 1st (left) and 













Figure 6.2 Schematic representation of the various steps of gradient plating. A- Original 
setting of plate in tilted position prior to pouring 1st media layer; B- Pouring of 1st media 
layer with high substrate concentration; C- Placement of plate in horizontal position after 
agar setting and prior to pouring 2nd media layer; D- Pouring of 2nd media layer on top of 
the 1st one 
 
6.2.3 Gradient Measurement 
After starting their incubation, gradients were measured every 24 h in 4–5 different 
sections of the agar plates along the direction of the gradient (as shown in Fig. 6.3). 
pH gradients were measured semi-quantitatively by placing the reaction zone of pH 
indicator strips directly over the different sections of the agar plates. After 2 min of 
contact time with the media surface, these strips were read by evaluating the colour 
change of its reaction zone. For salinity measurements, gradient plates were 
sectioned with a clean spatula to retrieve square agar core blocks of ca. 5 mm2. 
The salinity of each agar block was assessed with a hand refractometer after 








Figure 6.3 Schematic representation of agar core block retrieval from five sections (A, B, 
C, D, E) in triplicate to assess gradient stability throughout incubation time 
 
6.2.4 Gradient Optimization 
Different parameters were tested to confirm optimal conditions of gradient 
establishment and long-term stability. This testing included two sets of each 
parameter conditions of media wedge height (6 and 9 mm), agar concentration (1.2 
and 1.5% (w/v)), incubation temperature (25 and 37 C) as well as combinations of 
media layers with varying pH. These parameters conditions were decided so as to 
make the gradients applicable for the present study requirements of microbial 
cultivation and incubation. 
While developing wider salinity gradients, the variation in their dissipation rates was 
confirmed by preparing triplicate plates in HBM medium with different divergent 




layers; 2.5% and 7.5%; b. 15% divergence- 0% and 15%; and c. 25% divergence- 
2.5% and 27.5%) and testing these plates for salinity over 7–8 days of incubation 
at 30 C. 
6.2.5 Gradient Evolution and Stability 
Considering the results obtained during the optimization study, suitable gradient 
plates mimicking salt marsh and brine-sea water interface ecosystem were 
prepared (section 6.2.1). For all gradient batches, multiple identical plates were 
produced and incubated together. Gradients were measured 24 h after pouring, 
with further measurements performed using one of the gradient plates from the 
same batch. The stability and evolution of gradients was assessed by repeating this 
procedure at regular time intervals for a period of at least 8–10 days. Gradient 
measurements for each plate were performed in triplicate (Fig. 6.3). During 
incubation, to avoid excessive media drying and its potential disruptive effect on 
gradients, plates were kept in sealed bags containing moistened tissue paper. 
6.2.6 Mixed-Culture Inoculation of Gradient Plates 
For proof of concept, parallel plates covering an extended salinity gradient of 6–
24% (w/v) were prepared for use in mixed-culture inoculation. To this effect, a 
defined mixed culture containing Salinisphaera shabanensis (DSM 14853T) and 
Haloarcula marismortui (DSM 3752T), grown in HBM medium with 15% (w/v) NaCl 
was used for testing purposes. Salinity gradient plates were prepared using the 
same method as described above in section 6.2.1. These plates were inoculated 
with 0.1 ml of appropriate dilutions of freshly grown pure broth cultures, which were 
mixed, and the inoculum was spread evenly across the surface of the agar using 
sterile Q-tips. The dilution of the original cultures allowed both microbes to be 
brought to equivalent cell densities and lowered inoculum density to a value that 
resulted in discrete colony growth. Parallel plates were prepared and incubated 









6.3.1 Gradient Optimization 
The observed pH of six sets of gradient optimization plates, prepared and incubated 
at different combinations of parameter conditions, are mentioned in the result Table 
6.2. 
As a result of the first set of experiments testing different temperatures, agar 
concentrations, and media wedge heights in this study, it became possible to 
optimise conditions to get the desired pH range for salt marsh gradient of 5.3–7.6. 
The best setting was the use of 1.5% (w/v) agar and 9 mm media wedge height (set 
III and VI of Table 6.2). Both tested mesophilic temperatures 25 and 37 C showed 
favourable wider gradient establishment at these settings. The gradient obtained 
with these optimized conditions remained fairly stable for 7–8 days (same as Fig. 
6.5). 
For the same temperature gradient set-up, among tested parameters media wedge 
height is found to have a greater effect on gradient than different incubation 
temperatures and agar concentrations (Table 6.2). A wider pH range was obtained 
with 9 mm media wedge height (set III and VI) than that of 6 mm wedge height. 
After initial experiments, the use of 1.2% (w/v) agar was discontinued and was not 
tested further with media wedge height 9 mm, because at tested temperatures 1.5% 
(w/v) agar conc. was found to work better than 1.2% (w/v) to reduce drying of the 













Table 6.2 pH gradient optimization at different incubation temperatures, agar 
concentrations and media wedge heights. pH measurements performed in triplicate at 5 
different sections (A–E) across the plate. Desired pH gradient of 5.3–7.6 and stability of 7–








pH across media sections 
A B C D E 
I 25  1.2 6 6 6.5 6.8 7.7–7.9 7.9–8.1 
II 25 1.5 6 6.5 6.5 6.5 7.7 7.9 
III 25  1.5 9 5 5–5.5 6 7.5 8 
IV 37 1.2 6 6.5 6.5–6.8 7.4 8.1 8.1 
V 37  1.5 6 6.5 6.5–7 7.1–7.4 7.9 8.1 
VI 37  1.5 9 5.5–6 6.5–7 7.5 8–8.5 8.5  
 
The results of preliminary studies on wider salinity gradient development are shown 
in Fig. 6.4. Media layers prepared with high divergent salinity values (15 and 25%) 














   
 
 
Figure 6.4 Salinity gradient dissipation rate relationship with the salinity divergence of the 
1st and 2nd media layer (a = 5% NaCl divergence; b = 15% NaCl divergence; c = 25% NaCl 
divergence). Agar block retrieved from four sections (A, B, C, D) from each plate to test 
gradient stability. Media layers with high divergent salinity values resulted in wider 











































































6.3.2 Gradient Evolution and Stability 
Results of single-gradient plates (Fig. 6.5 and 6.6) prepared under optimized 
conditions for either pH or salinity reproduced salt marsh conditions, confirmed 
gradient stability for a period of 7–8 days. After 10–11 days of incubation, these 
gradients were greatly dissipated, so their measurement was discontinued. A mixed 
gradient was obtained with pH 5.5–8.5 and salinity of ca. 1.8–5.4% (w/v) (Fig. 6.5 
and 6.6). Measurements for these combined-gradients were equivalent to single-
gradient versions of the plates, with little variation in obtained values for pH and 




Figure 6.5 Temporal comparison of pH values in single-gradient versus combined-gradient 
plates mimicking salt marsh pH gradient. Plot of average pH values with error bars 
calculated using their standard deviation. As, Bs, Cs, Ds, Es- Measurements across the 
single-gradient plates; Ac, Bc, Cc, Dc, Ec- Measurements across the combined-gradient 
plates. Required pH gradient covered in both single and combined-gradient plates with 


































Figure 6.6 Temporal comparison of salinity values in single-gradient versus combined-
gradient plates mimicking salt marsh salinity gradient. Plot of average salinity values with 
error bars calculated using their standard deviation. As, Bs, Cs, Ds, Es- Measurements 
across the single-gradient plates; Ac, Bc, Cc, Dc, Ec- Measurements across the combined-
gradient plates. Required salinity gradient covered in both single and combined-gradient 
plates with minimal variations in values but similar dissipation 
 
The parallel four plates approach developed in this study allowed the establishment 
of a total salinity gradient range of 6.5–24.5% (w/v) to mirror the wide range of 
salinities encountered in brine-seawater interfaces. The resultant salinity ranges for 






































Figure 6.7 Wide salinity gradient developed using parallel four-plate approach. Slightly 
overlapping salinity values 6.5–24.5% (w/v) were obtained; mimicking brine-sea water 
interfaces. (  , initial salinity values; --, salinity values after four days) 
 
6.3.3. Mixed-culture Inoculation of Gradient Plates 
The pilot experiment performed to check the applicability of gel-stabilised gradient 
plates by mixed culture inoculation with Salinisphaera shabanensis (white colonies) 
and Haloarcula marismortui (red colonies) showed the successful and clear 
separation of both these strains by selective growth along a salinity gradient (6.5–
24.5% w/v) as observed in Fig. 6.8. The white colonies of Salinisphaera 
shabanensis could be observed at the lower to middle salinity end of the gradient, 
which agrees with its moderately halophilic character (optimal growth at 10% (w/v) 
NaCl, Antunes et al. 2003). While the red colonies of the extremely halophilic 
archaea Haloarcula marismortui occupied the upper salinity range, with some 
overlap occurring at middle-high salinity (optimal growth at 20–23% NaCl (w/v), 









Figure 6.8 Differential growth pattern of extremely halophilic archaea Haloarcula 
marismortui (red colonies) and the moderately halophilic bacteria Salinisphaera 
shabanensis (white colonies) along three of the parallel salinity gradient plates covering 
NaCl concentration 6–24.5% (w/v). The red colonies of the extremely halophilic archaea 
Haloarcula marismortui occupied the upper salinity range, while the white colonies of 
Salinisphaera shabanensis occupied the middle to lower salinity end of the gradient, with 
some overlap occurring at mid-high salinity. The successful and clear separation of both 





As an attempt to partially address the current gap in cultivation techniques the 
present study developed the gradient diffusion plate approach to extend its 
application as a new method for cultivation and isolation of microbes from gradient-
rich environments. It was specifically adapted to replicate the salinity and/or pH 
gradients encountered in marine environments. The attempts were also made to 
keep it robust and low-tech for its direct and wider application in microbial culturing. 
6.4.1 Gradient Optimization 
During optimization tests, the gradient development using 1.5% (w/v) agar 
concentration was continued instead of 1.2% (w/v) to minimize the drying of growth 
media caused due to long incubation period at 25 and 37 C. However, the gradient 
that would support the growth of microbes which grow at temperatures less than 25 
C; could be prepared with 1.2% (w/v) or lower agar concentration as the degree of 
media drying would be less at these low temperatures. Furthermore, gradient 
evolution at optimised conditions (9 mm media wedge height and 1.5% (w/v) agar), 
but at temperatures in between 25–30 C would be required to test, as most of the 
microbial cultivations of environmental samples are conducted at these 
temperatures. Satisfyingly, development of gradient with favourable stability at 30 
C could be predicted for it is the intermediate temperature value to that of used in 
the gradient sets III and VI (Table 6.2) which showed optimum results. 
The preliminary studies on wider salinity gradient development confirmed the 
temporal progression of the gradient dissipation process, which results from lateral 
diffusion. This study’s results showed that the use of media layers with highly 
divergent salinity values (e.g., 15% and 25% (w/v) NaCl) resulted in wider gradients 
originally, but also in much more pronounced dissipation rates, which would limit 
their applicability (Fig. 6.4). These results compelled us to use layers with less 
divergent salinities, while increasing the number of plates used to compensate the 
decrease in salinity ranges obtained (when necessary). In this regard, a multiple 
parallel plate approach, which consisted in using several plates with slightly 
overlapping salinity values at their borders, was deemed the most convenient for 
very wide salinity ranges. This approach offered the best compromise between 
medium-term gradient stability and number of plates necessary; and allowed to 




6.4.2 Gradient Evolution and Stability 
The four parallel plates approach developed in this study (Fig. 6.7) mirrored the 
wide range of salinities encountered in brine-seawater interfaces (4–28% (w/v), 
Eder et al. 2001; Antunes et al. 2011; Kaartvedt et al. 2016) and confirms the 
robustness of this method and applicability to higher salinity settings. To our 
knowledge, the establishment of gel-stabilised plates of such wide-ranged salinity 
gradients (6.5–24.5% (w/v) has never been previously attempted. This provides an 
appropriate approach to partly replicate the extremely dynamic saline environment 
of brine-sea water interface and its physico-chemical gradients (Eder et al. 2001; 
Eder et al. 2002; Yakimov et al. 2007). Although some growth tests with gradient 
plates were previously described using salinity as a parameter, only relatively low 
NaCl concentrations (2–9%) were tested, some of which lack replicability data and 
their applications restricted exclusively to auxanographic studies (Panagou et al. 
2005; Thomas and Wimpenny 1993; Wimpenny et al. 1986). 
Equivalent experiments performed in this study assessing pH gradient plates 
showed that the effects of divergence in pH between both media layers is much 
less pronounced than for salinity as the total range for pH was much narrower (5.5–
8.5). Therefore, this was found not to be a limiting issue for the pH range used in 
this study (Fig. 6.5). 
The gradient optimization experiments performed in this study were vital in 
obtaining the required gradient range, as well as confirming their dissipation rate 
and long-term stability. Cultivable microbes from different environments generally 
take 24–72 h to grow in-vitro (Abbas et al. 2018; Fidalgo et al. 2016; Mata et al. 
2002; Pandey et al. 2019). However, cultivation and isolation of yet-to-cultivate 
environmental microbes frequently requires extended incubation of several days 
and they can have specific growth requirements (Davis et al. 2005). Many 
environmental microbial strains including oligotrophic ones, are very slow-growing 
and need longer incubation periods (Vartoukian et al. 2010); that could be one to 
two weeks or more (Chaudhary et al. 2019). 
Previous diffusion plate studies have traditionally reported gradient stability for no 
more than 48-96 h (Liu et al. 2011; Thomas et al. 1993; Venables et al. 1995; 
Wimpenny et al. 1986). Furthermore, there were few reports on the long-term 




growing microbes (Panagou et al. 2005). However, in the present study gradient 
plates prepared under optimized conditions showed gradient stability for a period of 
7-8 days, longer than previously reported studies (Liu et al. 2011; Thomas et al. 
1993; Venables et al. 1995; Wimpenny et al. 1986). This allows the applicability of 
gel-stabilised gradient plates for extended incubation period compared to the 
previous diffusion plates. 
Additionally, previous experiments with multiple gradients on a single plate mostly 
relied on the use of four media layers, poured in different directions which increased 
the complexity of the technique and narrowed the range of the gradient obtained in 
each plate (Thomas and Wimpenny 1996a; 1996b; 1993). The easy to produce, 
low-tech, two layered gradient plate approach of this study is ideal for environments 
with co-occurring gradients and can be easily adjusted to the unique settings of 
each site and requirements of different studies. 
6.4.3 Mixed-culture Inoculation of Gradient Plates  
While testing the concept of gel-stabilised gradient plates for microbial culturing, 
Salinisphaera shabanensis and Haloarcula marismortui were selected as examples 
of halophilic microbes having preference for different salinities and clearly distinct 
colony pigmentation. Accordingly, the different salinity growth ranges displayed by 
both strains resulted in clear differences in colony distribution patterns along the 
wider salinity gradient of 6–24% (w/v). Thus, plate diffusion methods, namely the 
ingenious wedge plate technique has potential to replicate conditions encountered 
in gradient-rich environments and for the clear separation of different environmental 
strains by their selective growth along a gradient. With this pilot experiment, the 
applicability of gel-stabilised gradient plates in separating different microbial 
populations is confirmed. 
6.4.4 Strengths and Limitations of the Proposed Gel-stabilised Gradient Plate 
Study 
The recent developments of alternative cultivation techniques are commendable, 
and we acknowledge the efforts of these previous works in providing cultivation 
conditions closer to their natural counterparts. However, their technical complexity, 
high costs and inability to maintain the viability of preserved pure isolate have 
limited their adoption and curtailed their impact. The approach of present study 




low-tech, and low-cost approach which we expect will facilitate its wide-spread 
dissemination and use. 
This study has been conducted as a proof of concept and it requires further 
evaluation through cultivation of ecological samples and optimization with additional 
growth substrates. Nevertheless, it confirms the suitability of gradient plate 
approach for mimicking natural gradients in a replicable manner, and for the 
separation of different microbial populations. It readily fulfils the environmental 
microbes’ requirements of diverse salinity and pH concentrations that could 
differentially cultivate them from brine, sea water, salt marsh samples etc. The 
microbes’ growth distribution across the gradient plate according to their favourable 
growth conditions would also keep diverse microbial colonies distant, resulting into 
reduction of the possible inter-microbial competition or inhibition. Thus, the 
application of such gel-stabilised gradient plates with gradient stability of 7–8 days 
could favour the growth and cultivation chances of some of the uncultured novel 
microbes which are missed during the traditional cultivation attempts. Furthermore, 
growth management of fast-growing cultures outcompeting slow growing novel 
microbes could be achieved by further incorporation or dilution of specific nutrients 
or substrates into media. This could favour isolation and abundant growth of the 























The dynamic nature of salt marshes (Kim et al. 2012; Nelson et al. 2009; Rand 
2001; Leeuw et al. 1990), their ability to support vast microbial diversity (Bolhuis et 
al. 2013; Webster et al. 2015; Nelson et al. 2009), and the need to explore 
uncultured microbes from these habitats has inspired the present study to 
investigate salt marshes in the UK. Cultivation- and molecular-based microbial 
investigations of these environments were the focus of this study. These 
investigations were conducted on two UK-based salt marshes - RSPB Marshside 
and Fingringhoe Wick Nature Reserve. The original contributions of the present 
study to the existing knowledge can be summarised as (a) the exploration of 
culturable microbial diversity of gradient-rich, geographically and climatically 
distinct, previously unstudied salt marshes in the UK; (b) insights into the 
biotechnological potential of the cultivated salt marsh microbes; (c) the identification 
and full characterisation of two novel bacteria isolated from the RSPB Marshside; 
(d) the development of a methodological approach that mimics natural gradients 
and has direct and wider application in microbial culturing. 
Salt marsh zones of approx. 45,500 ha surrounding the UK are providing coastal 
and inland protection and maintaining ecosystems (JNCC 2019, viewed November 
2020). However, the ecological and scientific potential of most of these salt 
marshes, including study sites, have remained unexplored and undocumented. 
There is also a large pool of uncultured microbes hidden in these environments 
(Mußmann et al. 2005; Gray et al. 2014). This gap in knowledge has been partly 
addressed through the present work by evaluating microbes of UK salt marshes for 
cultivation, phylogenetic identification, cytology and physiology observations, salt 
tolerance, and antimicrobial production. To the best of my knowledge, this is the 
first study that has described the in-depth cultivable microbial diversity of these salt 
marshes. Though a moderate fraction of the isolated microbes were analysed in 
this study, the resultant substantial phylogenetic diversity and the discovery of four 
antimicrobial producing isolates and seven potential novel species have highlighted 




To further address the novel status of two isolates, MARW_1-7-2T and MARW_1-
2-27T, a recommended polyphasic approach comprised of a genus specific set of 
biochemical and genomic tests was applied (Ramasamy et al. 2014; Arahal et al. 
2007; Chun et al. 2018; Stackebrandt and Ebers 2006; Richter and Rosselló-Móra 
2009). These test results cumulatively suggested that the isolates MARW_1-7-2T 
and MARW_1-2-27T represent two novel species, for which the names Halomonas 
aestuarensis and Pseudoalteromonas belisamaea were proposed, respectively. 
Recently, the addition of novel species Halomonas niordiana ATF 5.4T to the 
bacterial taxonomy has been observed (Diéguez et al. 2020). It is the second 
closest relative of MARW_1-7-2T with 16S rRNA gene sequence similarity, DDH 
and ANI of 97.54%, 27% and 83.5% respectively. These in-silico genome analyses 
are confirming the novel status of MARW_1-7-2T. Further comparative analysis with 
Halomonas niordiana for physico-chemical tests (e.g. oxidase, catalase, motility, 
Gram-staining, API® biochemical tests) and chemotaxonomic analysis (such as 
cellular fatty acid analysis), and the representation of this isolate in a phylogenetic 
tree would be beneficial for the description of MARW_1-7-2T. 
The addition of a good quality genome and its annotation results are the absolute 
requirement of today’s microbial taxonomy world for novel species description 
(Ramasamy et al. 2014; Klimke et al. 2011). These analyses are also important to 
predict the cellular functions, pathogenesis, microbial significance, novel 
applications etc. (Sunagawa et al. 2015; Fraser et al. 2000; Quainoo et al. 2017; 
Gerdes et al. 2002). A good quality draft genome sequence and its annotation (Aziz 
et al. 2008) obtained in the present study have accomplished these requirements 
and have predicted the representative features of the novel isolates Halomonas 
aestuarensis and Pseudoalteromonas belisamaea (Tatusova et al. 2013). Though 
genome sequencing and annotation services are continually improving, the 
possibility of missing or vaguely annotated genes (Brenner 1999; Iliopoulos et al. 
2003) and variations of actual gene expression in microbes’ native environments 
still exist (Brenner 1999; Iliopoulos et al. 2003). Hence, after utilising the genome 
data of Halomonas aestuarensis and Pseudoalteromonas belisamaea to narrow 
down to the specific features, it is still necessary to validate these results through 
lab experiments. 
The advanced molecular analysis of environmental samples has shown that a high 




lab cultivation techniques to recreate natural growth environments (Fournier et al. 
2017; Steen et al. 2019; Oren 2004; Schleifer 2004; Harris et al. 2004; Rappé and 
Giovannoni 2003). The resultant absence of pure cultures in the lab severely 
restricts our understanding of this uncultured microbial diversity. Hence, the present 
study aimed to address this issue by developing a gel-stabilised gradient plate 
diffusion technique that could mimic the physico-chemical gradients of natural 
environments and can be applied as a new technique for the cultivation and 
isolation of microbes from these ecosystems. Compared to previously reported 
plate diffusion methods (Panagou et al. 2005; Thomas and Wimpenny 1993; 
Wimpenny et al. 1986), the present gel-stabilised gradient plate offers a robust, low-
tech, and low-cost tool that has a capacity for the recreation of wider and stable 
natural gradients. 
Recommendations for Future Studies 
1. The cultivation and isolation of salt marsh microbes conducted in the present 
study has analysed the moderate fraction of the isolated microbes. Considering 
the depths of observed microbial diversity among studied isolates, it would be 
beneficial to analyse the remaining culture collection for physiological and 
phylogenetic identification, halotolerance, and extending this identification to 
archaeal population as well. There could be ample opportunities for recovering 
significant novel microbes that could further boost the scientific and economic 
value of the UK salt marshes. 
 
2. Temporal variations in the physical structure of marsh soil, pH, salinity and other 
physico-chemical factors that affect microbial niches (Marton et al. 2015; Sahan 
and Sahan 2008; Piceno et al. 1999), and the strong influence of seasonal 
patterns on nitrification rates (Dini-Andreote et al. 2014) have been described in 
salt marsh literature. Phylogenetic analysis of the remaining isolates from the 
present study would also offer an advantage of observing seasonal changes in 
the microbial diversity at RSPB Marshside. Out of three sampling visits to RSPB 
Marshside, samples collected in June and October 2017 (called MARW_1 and 
MARW_2 respectively) were cultured for microbial diversity in the present study. 
Thorough analysis of isolates from MARW_1 visit was performed in this study. 




MARW_2 to compare with the microbial data of MARW_1 could reveal any 
effects of seasonal variations on bacterial diversity at this marsh. 
 
3. Manmade structures are employed worldwide at seaside regions (e.g. sea walls, 
coastal jetties etc.) for mosquito control, to protect coastal population and 
assets, to utilize marine resources and as an alternative energy supply (Dugan 
et al. 2011; Hannaford 2006; Rey et al. 1992). Coastal marshes have been 
affected by such human interference, leading to their squeezing and habitat 
loss. Approximately 50% of salt marsh worldwide has already been lost or 
degraded (Adam 2002; Barbier et al. 2011). Rising sea levels due to global 
warming and climate variations have worsened the salt marsh situation leading 
to its further abrasion. To counteract these detrimental effects, the restoration 
and creation of artificial salt marshes are performed worldwide (Sinicrope et al. 
1990). The main aim of this manmade revival activity is to recreate lost habitat 
while maintaining equivalent biological characteristics to their natural 
counterparts. Studies have been conducted to observe the effects of such 
artificial recreation on salt marsh physico-chemical properties, vegetation, birds 
and marine invertebrates (e.g. Spencer et al. 2008; Mossman et al. 2012; 
Overton et al. 2015; Browne et al. 2011), though very little attention has been 
paid to the effects of restorations on native microbial populations and their 
interactions. Considering the major role of microbial elemental recycling in 
natural habitats, it is necessary to check the microbial diversity and physico-
chemical parameters among various restored salt marshes. UK salt marshes, 
including the study sites, have also experienced significant restoration but were 
never studied for their innate microbial diversity. From an ecological health 
status point of view, it would be advantageous to study the microbial diversity 
from such restoring environments and compare them with the equivalent healthy 
sites to reveal the salubrious status of the restored marshes. e.g. sulphate 
reducing bacteria can be checked to evaluate restoration effects on salt 
marshes. Sulphate reduction is the dominating microbial metabolism in salt 
marshes (Valiela et al. 1995). Sulphide concentration also controls the 
nitrification-denitrification and methanogenesis rates in costal environments 
(Joye and Hollibaugh 1995; Ortiz et al. 2013; Caffrey et al. 2010; Kemp et al. 
1990; Jensen et al. 1988). An increased sulphide concentration, with the 




altered tidal flow restrictions (Rev et al. 1992) and improper halophytic 
vegetation growth during coastal restoration activity (Zhou et al. 2009). This 
resulted in detrimental effects on aquatic lives including fish and native 
vegetation. The above literature data suggest that restored salt marshes, if 
compared with the healthy reference marsh sites for the microbial composition 
of sulphate reducing microbes and physico-chemical parameters, may provide 
important insights on the impact of salt marsh restoration activities on native 
microbial communities. 
 
4. Furthermore, isolated microbes, especially halotolerant from salt marsh sites, 
could be screened for plant promoting features such as exopolysaccharide 
secretion and phosphate solubilisation. Microbially secreted 
exopolysaccharides in salt marsh sediments are known to impart salt tolerance 
and boost dinitrogen fixation to halophytes and enhance biomineralization 
(Upadhyay et al. 2011; Bergmann et al. 2009; Ruiz-Lozano et al. 2000; Braissant 
et al. 2007; Dupraz and Visscher 2005). Phosphate solubilizers release 
insoluble and fixed forms of phosphorous, which are useful for plant growth 
(Vessey 2003). However, the establishment and performance of phosphate-
solubilizing microorganisms are known to be severely affected by environmental 
factors, especially under stressful conditions (Mehta et al. 2001). Screening the 
isolates for exopolysaccharide secretion and phosphate solubilisation in high 
salt stressed environments like salt marshes would add an insight on the plant-
microbes’ interactions in salt marsh environments, including for those marshes 
under restoration. Exopolysaccharide secreting and phosphate solubilising 
halotolerant isolates screened through this study could also act as valuable 
resources for plant production systems where soils or irrigation water contain 
high salt concentrations (Ruiz-Lozano et al. 2000). The procedures of qualitative 
screening of isolates for exopolysaccharide secretion and phosphate-
solubilization as described by Heulin et al. (1987) and Mehta et al. (2001) 
respectively, can be adapted for testing purposes. 
 
5. Marine microbes are the source of many abundant but underexploited natural 
products (Lam 2006; Lee et al. 2011). Microbial studies combined with 
biotechnological screening can discover such natural bioactive compounds in 




study has also retrieved four bacterial isolates having anti-microbial activity from 
salt marsh sites. The therapeutic potential of these isolates can be further 
confirmed by extracting their antimicrobial compounds, and then testing the 
structure, novelty, safety, efficacy and yield of those compounds. For 
downstream processing, this study would also need to target the metabolites 
responsible for antibiotic production in these isolates. A non-targeted, standard 
metabolomic approach was indeed conducted in the present study via ultra-
high-performance liquid chromatography-tandem mass spectrometry (LC-MS) 
that detected almost all general metabolites of these microbes (data not shown). 
Preliminary analysis of this LC-MS data has shown promising features, including 
the production of prodigiosin by one of the antimicrobials producing isolate 
MARW_01-02-21. Prodigiosin is a bioactive secondary metabolite and a 
potential therapeutic drug, and has wider antimicrobial, antimalarial and 
anticancer properties (Darshan and Manonmani 2015; Montaner and Prez-
Toms 2003). These observations feature the importance of salt marsh isolates 
in therapeutics and have also opened a new research window of further analysis 
of these compounds for their microbe-specific chemical structure and ecological 
significance in gradient-rich environments. 
 
6. In the present study, the preliminary inoculation of gel-stabilised gradient plates 
with salt marsh sea water showed gradual variation in microbial load with 
increasing salinity and pH (data not shown). It would be beneficial to further 
evaluate the performance of these plates for inoculation of environmental 
samples and observe microbes’ colony patterns and phylogeny for their novelty. 
These gradient plates can further accommodate other types of substrates and 
conditions as per experimental needs. The future integration with the multi-
dimensional concepts and experiments of Wimpenny and colleagues (Peters et 
al. 1991; Thomas and Wimpenny 1993; 1996a; 1996b; Wimpenny and Waters 




The results of the present study thus expand our knowledge of the vast microbial 




the ecological and biotechnological significance of the salt marshes, and the 
opportunities to detect novel microbes in such habitats across the UK. The findings 
of this study also suggest further implications of studying microbial communities in 
gradient-rich environments, especially using the methodological expansion of gel-
stabilised gradient plates for microbial cultivation and isolation. Furthermore, the 
prospective research work proposed here suggests gradient-rich natural 























Appendix 1 (Lab Material List)  
List of chemicals, instruments and microbial cultures used in the present study 
Abbreviation: n/a = Not available  
Material used Brand /Supplier Product Code  
2x PCRBIO Taq Mix red  PCRBiosystems PB10.13-02 
Absolute ethanol   Fisher bioreagents BP2818-500 
Agar technical Oxoid LP0012 
Agarose (Electran DNA grade) BDH Prolabo 438792U 
Amoxycillin/Clavulanic acid (30 µg) discs Oxoid CT0223B 
Ampicillin (10 µg) discs Oxoid CT0003B 
Anaerobic indicator strips BioMérieux SA 96 118 
API® 20E kit BioMérieux SA  20 100 
API® 50 CH bacterial identification kit     BioMérieux SA 50 300 
API® 50 CHB/E medium  BioMérieux SA 50430 
API® ZYM kit BioMérieux SA 25 200 
Bacillus thuringiensis   DSMZ Culture Collection, 
Germany 
DSM2046T 
bead beating sample tubes Fisher Scientific 11681350 
Biolog turbidimeter  Biolog Inc. 3587 
BiologGEN III MicroPlatesTM  Biolog Inc. 1030 
Boric acid  Scientific Laboratory Supplies CHEB12 
Calcium chloride BDH Chemicals 27587 
CAPS buffer solution (pH 9.5–11) Sigma C2632 
Caps with O-ring for bead beating sample 
tubes 
Fisher Scientific  11621270 
CAPSO buffer solution (pH 9–10) Sigma C2278 
Carbenicillin disodium Melford C0109 
Cavity glass slides, single cavity 15 mm Academy n/a 
Cefotaxime (30 µg) discs Oxoid CT0166B 
Cephalexin monohydrate (assay 95%) Duchefa Biochemie C0110.0005 
Cetyl trimethylammonium bromide Fisher Scientific 10203330 
Chloramphenicol (30 µg) discs Oxoid CT0013B 
Ciprofloxacin (5 µg) discs Oxoid CT0425B 
Crystal violet (0.5% alcoholic solution) Pro-lab diagnostics PL.7000/25 
Dipotassium phosphate (K2HPO4)  Fisher Scientific EC 231-834-5 
Eppendorf tubes 1.8 ml capacity Fisherbrand 05-708-129 
Erythromycin  Duchefa Biochemie E0122.0025 
Escherichia coli  DSMZ Culture Collection, 
Germany 
DSM 30083T 
Ethidium bromide  Sigma-Aldrich E1510 
Forward primer 27f,  
(5' AGAGTTTGATCCTGGCTCAG)  
Sigma n/a 
Gas chromatography Agilent GC 6890 
GasPak glass jar  BioMérieux SA 96 124 





Appendix 1 continued… 
Material used Brand /Supplier Product Code  
GenEluteTM PCR clean-up kit  Sigma-Aldrich NA1020 
GeneRuler DNA Ladder mix Thermo Scientific SM0333 
Glass slides Clarity C362 
Glucose Timstar GL2858 
Glycerol  Benchmark Supplies GL2878 
Haloarcula marismortui  DSMZ culture collection, Germany DSM 3752T 
Halomonas taeanensis  DSMZ culture collection, Germany BH539T 
Hand refractometer Atago, Japan S-28E  
HEPES buffer solution (pH 6–8) Sigma 83264 
Hydrochloric acid VWR 20255.29 
Hydrogen N5.0, (CP Grade H2), 




Hydrogen peroxide, 6% w/v, L.R.,  
purity 5.75% 
Timstar Lab Supplies LTD.,  681234 
Inoculation Fluid A (IF-A)  Biolog Inc. 72401 
Kovac’s reagent Sigma Aldrich 67309 
Levofloxacin (5 µg) discs Oxoid CT1587B 
Lugol's Iodine / Grams Iodine Pro-lab Diagnostics PL.7000/25 
Magnesium chloride  Sigma Life Science M8266 
Magnesium sulphate  Sigma Life Science 1001690671 
Marine broth BD DifcoTM 2216 
MES buffer solution (pH range 4-6) Sigma  M1317 
Methanol HPLC grade Fischer Chemicals  M/4000/PB15 
Micrococcus luteus National Collection of Type 
Cultures (NCTC) 
NCTC 2665T 
Mineral oil  bioMérieux 70100 
Multi-rotator Grant-bio PTR-35 
Nalidixic acid (≥98%) Sigma Aldrich 101878117 
n-Hexane   Fischer Chemicals  11/0421/PB17 
NIT 1 + NIT 2 reagent  BioMérieux 70442 
Nitrogen N5.2 (CP Grade N2), compressed 
gas cylinder 
BOConline 110628-L 
Nutrient agar  Oxoid CM0003 
PCR thermal cycler Bio-Rad T100 
Peptone  Oxoid LP0037 
pH indicator strips (non-bleeding) MColorpHastTM, Merck,  1.09584.0001 
pH meter Mettler Toledo n/a 
Phenol:Chloroform:Isoamyl alcohol 
(25:24:1)   
Acros Organics ACRO327111000 
Polyethylene glycol 6000 (PEG 6000)   Fisher p/3677/08 
Portable temperature and pH meter  Hanna HI-9811-5 
Potassium bromide BDH 101954F 
Potassium chloride  Sigma Life Science 101418775 
Potassium phosphate  Fisher Scientific P/4800/53 







Appendix 1 continued… 
Material used Brand /Supplier Product Code  
Pseudoalteromonas piscicida  JCM Culture Collection, Riken 
BRC 
JCM 20779T 
Pseudoalteromonas. flavipulchra  DSMZ Culture Collection, 
Germany 
NCIMB 2033T 
R2A agar Oxoid™ CM0906 
Reverse primer 1492r,  
(5' TACGGYTACCTTGTTACGACGAC) 
Sigma n/a 
Safranine solution 1% Timstar SA5262 
Salinisphaera shabanensis  DSMZ Culture Collection, 
Germany 
DSM 14853T 
Sea water analysis kits (phosphate, iron, 
 ammonium, nitrite) 




Silicon grease ACC Slicons S6M494 
Sodium bicarbonate  Timstar S05610 
Sodium bromide BDH Lab Reagent 30116 
Sodium chloride  Sigma Aldrich 1002551088 
sodium hydroxide (NaOH, Certified ACS)  Fischer Chemicals  S/4920/60 
Sodium phosphate dibasic Sigma-Aldrich S0876 
Sodium phosphate, monobasic, 
anhydrous,  
Sigma S-0751 
Sodium phosphate/ trisodium phosphate Aldrich 342483 
Sodium sulphate  Scichem S0325 
Spectrophotometer VWR UV-1600PC 
Sterile cotton tipped inoculator swabs Inoculatorz™ 3321 
Streptomycin sulphate Alfa Aesar J61299 
Strontium chloride  Aldrich-ACS 25552-1 
Sudan Black B Sigma Aldrich 101799195 
Tertiary butyl methyl ether (HPLC grade) Fischer Chemicals  M/4496/17 
TestOxidase™ reagent Pro-Lab Diagnostics  PL 390 
Tetracycline (30 µg) discs Oxoid CT0054B 
Tris Borate EDTA buffer Sigma-Aldrich T4415 
Trisodium citrate Applichem A4522 
Vancomycin (30 µg) discs Oxoid CT0058B 
VP 1 + VP 2 reagents  BioMérieux 70422 
Water bath VWR VWB 12 
Wettable surface squared petri dishes 
(10 cm x 10 cm x 2 cm)  
Sarstedt 82.9923.422 
Whatman Grade AA discs (6mm dia.) GE Heakthcare Life Sciences 2017-006 
Yeast extract  BD 288620 
Zirconia beads (0.1 mm dia.)  Stratech 11079101Z-BSP 
Zn powder  SciChem Z1015 
ZYM A reagent  BioMérieux SA 70494 






Appendix 2 (Result Table) 
 
Phylogenetic identification of pure bacterial cultures isolated from Fingringhoe Wick and RSPB Marshside salt marshes on EzBioCloud BLAST tool, based 
on a comparative analysis of their QCed, partial 16S rRNA gene sequences of different sizes  
BLAST analysis of an isolate with varying nucleotide length resulted in matching genus level identity with no or moderate variations in their similarity ratio 
 
Isolate ID Nucleotide 
length (bp) 




Phylum Class Order Family 
FINS_1-1-11 259 Bacillus mycoides 
 DSM 2048(T) 
100 Firmicutes Bacilli Caryophanales  Bacillaceae 
FINS_1-1-11 
 
667 Bacillus mycoides  
DSM 2048(T) 
100 Firmicutes Bacilli Caryophanales  Bacillaceae 
FINS_1-2-2 294 Pleionea mediterranea 
MOLA:115(T) 
98.63 Proteobacteria Gammaproteobacteria Oceanospirillales Alcanivoracaceae 
FINS_1-2-2 
 
808 Pleionea mediterranea 
MOLA:115(T) 
98.27 Proteobacteria Gammaproteobacteria Oceanospirillales Alcanivoracaceae 
FINS_1-4-5 379 Halomonas niordiana  
ATF 5.4 (T) 
99.74 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae 
FINS_1-4-5 
 
805 Halomonas taeanensis  
BH539(T) 





Appendix 2 Continued… 
Isolate ID Nucleotide 
length (bp) 




Phylum Class Order Family 
FINS_1-3-5 428 Alkalihalobacillus hwajinpoensis 
SW-72(T) 
99.53 Firmicutes Bacilli Caryophanales  Bacillaceae 
FINS_1-3-5 
 
934 Alkalihalobacillus hwajinpoensis 
SW-72(T) 
99.79 Firmicutes Bacilli Caryophanales  Bacillaceae 
MARW_1-1-18 563 Pseudidiomarina sediminum 
c121(T) 
99.64 Proteobacteria Gammaproteobacteria Alteromonadales Idiomarinaceae 
MARW_1-1-18 806 Pseudidiomarina sediminum 
c121(T) 
99.75 Proteobacteria Gammaproteobacteria Alteromonadales Idiomarinaceae 
MARW_1-2-23 589 Planomicrobium flavidum ISL-
41(T) 
98.3 Firmicutes Bacilli Caryophanales Caryophanaceae 
MARW_1-2-23 682 Planomicrobium flavidum  
ISL-41(T) 
99.12 Firmicutes Bacilli Caryophanales Caryophanaceae 
MARW_1-8-13 932 Marinobacter flavimaris  
SW-145(T) 
98.82 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae 
MARW_1-8-13 1209 Marinobacter maroccanus  
N4(T) 





At this time of submitting my PhD thesis, I would like to express my wholehearted 
gratitude to all those people who have supported me in my PhD journey and 
helped me to accomplish what I planned in the last five years. I will be carrying 
your guidance and suggestions with me in the future. 
Andre and Paul, thank you so much for showing your confidence in me and 
granting me a PhD/GTA position, and for all the support and guidance you have 
given me. Thank you, Jayne, for joining the supervisory team and for your fruitful 
suggestions. The completion of PhD study with the supervision of all three of you 
has helped me to cross another milestone in my life and learn skills for my future 
endeavours. 
My salt marsh sampling visits would not have been well organised and safe 
without the guidance of the managers and wardens at RSPB Marshside and 
Hesketh Out salt marshes. Many thanks to their teams. Countless thanks to Terry 
McGenity, Raied Abed, and researchers from DSMZ and HZI institute, Germany 
for their valuable guidance and help in my sample and data analysis. Thanks a lot 
Michelle, Thom, Kirsty, Rajiv, Andy Devaynes, Lina, Matt, Marta, Marie, Gill, and 
our lovely administrative team of Vicky, Louise and Claire. Studying and working 
in a foreign land wouldn’t have been so exciting and fruitful without your kind 
support. 
I am always over the moon when I describe how blessed I am to have a very 
supportive family. My Mom, my sisters Sandhya and Sonali, and my dearest niece 
Cherry. Thanks for being a source of my confidence, strength and 
encouragement. Dad you are not amongst us now, but I am sure you would have 
been very pleased on this occasion. Tons of thanks to my lovely husband Andrew, 
who has always been there for me with all the help I have needed while 
completing my studies - assisting me in checking my thesis drafts, cooking 
delicious meals for me, and all the help that I have asked for. Thanks to my very 
supportive in-law family too – Chris, Dave, Sarah, Karl, Ethan and Eva. I cannot 
stop thanking God who brought me here for PhD study and allowed me to meet 
these wonderful people who are part of my life now. Above all, I want to give glory 






1. Aanniz, T., Ouadghiri, M., Melloul, M., Swings, J., Elfahime, E., Ibijbijen, 
J., Ismaili, M., & Amar, M. (2015). Thermophilic bacteria in Moroccan hot 
springs, salt marshes and desert soils. Braz. J. Microbiol., 46(2), 443-453. 
2. Abbas, H., Patel, R. M., & Parekh, V. B. (2018). Culturable endophytic 
bacteria from halotolerant Salicornia brachata L.: Isolation and plant 
growth promoting traits. Indian J. Appl. Microbiol., 21(1), 10-21. 
3. Abisado, R. G., Benomar, S., Klaus, J. R., Dandekar, A. A., & Chandler, 
J. R. (2018). Bacterial quorum sensing and microbial community 
interactions. MBio., 9(3), e2331-17. 
4. Achkor, H., Díaz, M., Fernández, M. R., Biosca, J. A., Parés, X., & 
Martínez, M. C. (2003). Enhanced formaldehyde detoxification by 
overexpression of glutathione-dependent formaldehyde dehydrogenase 
from Arabidopsis. Plant Physiol., 132(4), 2248-2255.  
5. Adam, P. (2002). Salt marshes in a time of change. Environ. Conserv., 
29(01), 39-61. 
6. Adams, C. A., Andrews, J. E., & Jickells, T. (2012). Nitrous oxide and 
methane fluxes vs. carbon, nitrogen and phosphorous burial in new 
intertidal and salt marsh sediments. Sci. Total Environ., 434, 240-521. 
7. Ahmed, E., & Holmström, S. J. (2014). Siderophores in environmental 
research: roles and applications.  Microb. Biotechnol., 7(3), 196-208. 
8. Akagawa, M., & Yamasato, K. (1989). Synonymy of Alcaligenes 
aquamarinus, Alcaligenes faecalis subsp. homari, and Deleya aesta: 
Deleya aquamarina comb. nov. as the type species of the genus Deleya. 
Int. J. Syst. Bacteriol., 39, 462-466. 
9. Akagawa-Matsushita, M., Itoh, T., Katayama, Y., Kuraishi, H., & 
Yamasato, K. (1992). Isoprenoid quinone composition of some marine 
Alteromonas, Marinomonas, Deleya, Pseudomonas and Shewanella 
species. Microbiology, 138(11), 2275-2281. 
10. Almeida, M. A., Cunha, M. A., & Alcântara, F. (2001). Factors influencing 





11. Alvarez, B., & Guijarro, J. A. (2007). Recovery of Flavobacterium 
psychrophilum viable cells using a charcoal‐based solid medium. Lett. 
Appl. Microbiol., 44(5), 569-572. 
12. Alvarez, L. A., Exton, D. A., Timmis, K. N., Suggett, D. J., & McGenity, T. 
J. (2009). Characterization of marine isoprene‐degrading communities. 
Environ. Microbiol., 11(12), 3280-3291. 
13. Amjres, H., Béjar, V., Quesada, E., Abrini, J., & Llamas, I. (2011). 
Halomonas rifensis sp. nov., an exopolysaccharide-producing, halophilic 
bacterium isolated from a solar saltern. Int. J. Syst. Evol. Microbiol., 61, 
2600-2605. 
14. Amjres, H., Béjar, V., Quesada, E., Carranza, D., Abrini, J., Sinquin, C., 
Ratiskol, J., Colliec-Jouault, S., & Llamas, I. (2015). Characterization of 
haloglycan, an exopolysaccharide produced by Halomonas stenophila 
HK30. Int. J. Biol. Macromol., 72, 117-124. 
15.  Anan'ina, L. N., Plotnikova, E. G., Gavrishm, E. Y., Demakov, V. A., & 
Evtushenko, L. I. (2007). Salinicola socius gen. nov., sp. nov., a 
moderately halophilic bacterium from a naphthalene-utilizing microbial 
association. Microbiology, 324-330.  
16. Angermeyer, A., Crosby, S. C., & Huber, J. A. (2016). Decoupled 
distance–decay patterns between dsr A and 16S rRNA genes among salt 
marsh sulfate‐reducing bacteria. Environ. Microbiol., 18(1), 75-86.  
17. Angermeyer, A., Crosby, S. C., & Huber, J. A. (2018). Salt marsh 
sediment bacterial communities maintain original population structure 
after transplantation across a latitudinal gradient. PeerJ, 1(6), e4735. 
18. Annis, E. R., & Cook, C. B. (2002). Alkaline phosphatase activity in 
symbiotic dinoflagellates (zooxanthellae) as a biological indicator of 
environmental phosphate exposure. Mar. Ecol. Prog. Ser., 245, 11-20.  
19. Ansede, J. H., Friedman, R., & Yoch, D. C. (2001). Phylogenetic analysis 
of culturable dimethyl sulfide-producing bacteria from a Spartina-
dominated salt marsh and estuarine water. Appl. Environ. Microbiol., 
67(3), 1210-1217. 
20. Antunes, A., Eder, W., Fareleira, P., Santos, H., & Huber, R. (2003). 
Salinisphaera shabanensis gen. nov., sp. nov., a novel, moderately 
halophilic bacterium from the brine–seawater interface of the Shaban 




21. Antunes, A., Kaartvedt, S., & Schmidt, M. (2019). Geochemistry and life 
at the interfaces of brine-filled deeps in the Red Sea. In Oceanographic 
and Biological Aspects of the Red Sea. Springer, Cham, 185-194.  
22. Antunes, A., Ngugi, D. K., & Stingll, U. (2011). Microbiology of the Red 
Sea (and other) deep‐sea anoxic brine lakes. Environ. Microbiol. Rep., 
3(4), 416-433.  
23. Arahal, D. R., Castillo, A. M., Ludwig, W., Schleifer, K. H., & Ventosa, A. 
(2002a). Proposal of Cobetia marina gen. nov., comb. nov., within the 
family Halomonadaceae, to include the species Halomonas marina. Syst. 
Appl. Microbiol., 25(2), 207-211.  
24. Arahal, D. R., Ludwig, W., Schleifer, K. H., & Ventosa, A. (2000b). 
Phylogeny of the family Halomonadaceae based on 23S and 165 rDNA 
sequence analyses. Int. J. Syst. Evol. Microbiol., 52(1), 241-249. 
25. Arahal, D. R., Vreeland, R. H., Litchfield, C. D., Mormile, M. R., Tindall, B. 
J., Oren, A., Bejar, V., Quesada, E., & Ventosa, A. (2007). Recommended 
minimal standards for describing new taxa of the family Halomonadaceae. 
Int. J. Syst. Evol. Microbiol., 57(10), 2436-2446. 
26. Arkin, A. P., Cottingham, R. W., Henry, C. S., Harris, N. L., Stevens, R. 
L., Maslov, S., Dehal, P., Ware, D., Perez, F., Canon, S., & Sneddon, M. 
W. (2018). KBase: The United States Department of Energy Systems 
Biology Knowledgebase. Nat. Biotechnol., 36(7), 566-569. 
27. Auch, A. F., von Jan, M., Klenk, H. P., & Göker, M. (2010). Digital DNA-
DNA hybridization for microbial species delineation by means of genome-
to-genome sequence comparison. Stand. Genomic Sci., 2(1), 117-134. 
28. Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. 
A., Formsma, K., Gerdes, S., Glass, E. M., Kubal, M., & Meyer, F. (2008). 
The RAST Server: rapid annotations using subsystems technology. BMC 
Genom., 9(1), 1-15. 
29. Baatout, S., De Boever, P., & Mergeay, M. (2006). Physiological changes 
induced in four bacterial strains following oxidative stress. Appl. Biochem. 
Microbiol., 42(4), 369-377.   
30. Bacic, M. K., & Smith, C. J. (2008). Laboratory maintenance and 





31. Bagwell, C. E., Dantzler, M., Bergholz, P. W., & Lovell, C. R. (2001). Host-
specific ecotype diversity of rhizoplane diazotrophs of the perennial 
glasswort Salicornia virginica and selected salt marsh grasses. Aquat. 
Microb. Ecol., 23(3), 293-300. 
32. Bagwell, C. E., Piceno, Y. M., Ashburne-Lucas, A. M. Y., & Lovell, C. R. 
(1998). Physiological diversity of the rhizosphere diazotroph assemblages 
of selected salt marsh grasses. Appl. Environ. Microbiol., 64(11), 4276-
4282. 
33. Baker, T. (2009). Marshside nature reserved extension; RSPB Summary 
management plan Annex 2, The Royal Society for the Protection of Birds, 
viewed Jun. 2020, 
<https://modgov.sefton.gov.uk/moderngov/documents/s8259/Marshside
%20Annex%202.pdf>. 
34. Bakke, P., Carney, N., DeLoache, W., Gearing, M., Ingvorsen, K., Lotz, 
M., McNair, J., Penumetcha, P., Simpson, S., Voss, L., & Win, M. (2009). 
Evaluation of three automated genome annotations for Halorhabdus 
utahensis. Plos One, 4(7), e6291.  
35. Bakshi, A., Webber, A. T., Patrick, L. E., Wischusen, W., & Thrash, C. 
(2019). The cure for cultivating fastidious microbes. J. Microbiol. Biol. 
Educ., 20(1), 1-12. 
36. Balba, M. T., & Nedwell, D. B. (1982). Microbial metabolism of acetate, 
propionate and butyrate in anoxic sediment from the Colne Point 
Saltmarsh, Essex, UK. Microbiology, 128(7), 1415-1422. 
37. Baldeck, C. A., Kembel, S. W., Harms, K. E., Yavitt, J. B., John, R., Turner, 
B. L., Madawala, S., Gunatilleke, N., Gunatilleke, S., Bunyavejchewin, S., 
Kiratiprayoon, S., et al. (2016). Phylogenetic turnover along local 
environmental gradients in tropical forest communities. Oecol., 182(2), 
547-557.  
38. Banat, I. M., Lindstrom, E. B., Nedwell, D. B., & Balba, M. T. (1981). 
Evidence for coexistence of two distinct functional groups of sulfate-
reducing bacteria in salt marsh sediment. Appl. Environ. Microbiol., 42(6), 
985-992. 
39. Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, 




A. V. (2012). SPAdes: A new genome assembly algorithm and its 
applications to single-cell sequencing. J. Comput. Biol., 19(5), 455-477.  
40. Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & 
Silliman, B. R. (2011). The value of estuarine and coastal ecosystem 
services. Ecol. Monogr., 81,169-193. 
41. Bardgett, R. D., Freeman, C., & Ostle, N. J. (2008). Microbial contributions 
to climate change through carbon cycle feedbacks. ISME J., 2(8), 805-
814.  
42. Barra, L., Fontenelle, C., Ermel, G., Trautwetter, A., Walker, G. C., & 
Blanco, C. (2006). Interrelations between glycine betaine catabolism and 
methionine biosynthesis in Sinorhizobium meliloti strain 102F34. J. 
Bacteriol. Res., 188(20), 7195-7204.   
43. Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., 
Moineau, S., Romero, D. A., & Horvath, P. (2007). CRISPR provides 
acquired resistance against viruses in prokaryotes. Science, 315(5819), 
1709-1712. 
44. Bashir, A., Klammer, A. A., Robins, W. P., Chin, C. S., Webster, D., 
Paxinos, E., Hsu, D., Ashby, M., Wang, S., Peluso, P., & Sebra, R. (2012). 
A hybrid approach for the automated finishing of bacterial genomes. Nat. 
Biotechnol., 30(7), 701-707. 
45. Basu, S., Paul, T., Yadav, P., Debnath, A., & Sarkar, K. (2017). Molecular 
study of indigenous bacterial community composition on exposure to soil 
arsenic concentration gradient. Pol. J. Microbiol., 66(2), 209-221. 
46. Baumann, L., Baumann, P., Mandel, M., & Allen, R. D. (1972). Taxonomy 
of aerobic marine eubacteria. J. Bacteriol. Res., 110(1), 402-429. 
47. Baumann, L., Bowditch, R. D., & Baumann, P. (1983) Description of 
Deleya gen. nov. created to accommodate the marine species 
Alcaligenes aestus, A. pacificus, A. cupidus, A. venustus, and 
Pseudomonas marina. Int. J. Syst. Bacteriol., 33, 793-802. 
48. Baxter, R. M., & Gibbons, N. E. (1956). Effects of sodium and potassium 
chloride on certain enzymes of Micrococcus halodenitrificans and 
Pseudomonas salinaria. Can. J. Microbiol., 2(6), 599-606. 
49. Beazley, M. J., Martinez, R. J., Rajan, S., Powell, J., Piceno, Y. M., Tom, 




Mortazavi, B. (2012). Microbial community analysis of a coastal salt marsh 
affected by the Deepwater Horizon oil spill. Plos One, 7(7), e41305. 
50. Bebien, M., Chauvin, J. P., Adriano, J. M., Grosse, S., & Verméglio, A. 
(2001). Effect of selenite on growth and protein synthesis in the 
phototrophic bacterium Rhodobacter sphaeroides. Appl. Environ. 
Microbiol., 67(10), 4440-4447. 
51. Bébien, M., Kirsch, J., Méjean, V., & Verméglio, A. (2002). Involvement of 
a putative molybdenum enzyme in the reduction of selenate by 
Escherichia coli. Microbiology, 148(12), 3865-3872. 
52. Behera, H. S., Chayani, N., Bal, M., Khuntia, H. K., Pati, S., Das, S., & 
Ranjit, M. (2021). Identification of population of bacteria from culture 
negative surgical site infection patients using molecular tool. BMC 
surgery, 21(1), 1-7.   
53. Beijerinck, M. W. (1888). Auxanography, a method useful in 
microbiological research, involving diffusion in gelatine. Arch. Neerl. Sa. 
Exactes. Nat. Haarlem., 23, 367-372. 
54. Bein, S. J. (1954). A study of certain chromogenic bacteria isolated from 
“Red Tide” water with a description of a new species. Bull. Mar. Sci., 4(2), 
110-119. 
55. Bell, T. H., Callender, K. L., Whyte, L. G., & Greer, C. W. (2013). Microbial 
competition in polar soils: a review of an understudied but potentially 
important control on productivity. Biology, 2(2), 533-554. 
56. Bender, J., Lee, R. F., & Bender, P. (1995). Uptake and transformation of 
metals and metalloids by microbial mats and their use in bioremediation. 
J. Ind. Microbiol., 14(2), 113-118. 
57. Berendes, F., Gottschalk, G., Heine-Dobbernack, E., Moore, E. R. B., & 
Tindall, B. J. (1996). Halomonas desiderata sp. nov., a new alkaliphilic, 
halotolerant and denitrifying bacterium isolated from a municipal sewage 
works. Syst. Appl. Microbiol.,19, 158-167. 
58. Bergey, D. H., & Holt, J. G. (1993). Bergey's manual of determinative 
bacteriology, 9th edn., Williams & Wilkins.  
59. Bergmann, D., Zehfus, M., Zierer, L., Smith, B., & Gabel, M. (2009). Grass 
rhizosheaths: Associated bacterial communities and potential for nitrogen 




60. Bernhard, A. E., & Bollmann, A. (2010). Estuarine nitrifiers: new players, 
patterns and processes. Estuar. Coast. Shelf. Sci., 88(1), 1-11.  
61. Bernhard, A. E., Landry, Z. C., Blevins, A., de la Torre, J. R., Giblin, A. E., 
& Stahl, D. A. (2010). Abundance of ammonia-oxidizing archaea and 
bacteria along an estuarine salinity gradient in relationship to potential 
nitrification rates. Appl. Environ. Microbiol., 76, 1284-1289. 
62. Bernhard, A. E., Tucker, J., Giblin, A. E., & Stahl, D. A. (2007). 
Functionally distinct communities of ammonia-oxidizing bacteria along an 
estuarine salinity gradient. Environ. Microbiol., 9, 1439-1447. 
63. Berrada, I., Willems, A., De Vos, P., El., Fahime, E., Swings, J., Bendaou, 
N., Melloul, M., & Amar, M. (2012). Diversity of culturable moderately 
halophilic and halotolerant bacteria in a marsh and two salterns a 
protected ecosystem of Lower Loukkos (Morocco). Afr. J. Microbiol. Res., 
6(10), 2419-2434. 
64. Beurmann, S., Ushijima, B., Svoboda, C. M., Videau, P., Smith, A. M., 
Donachie, S. P., Aeby, G. S., & Callahan, S. M. (2017). 
Pseudoalteromona spiratica sp. nov., a budding, prosthecate bacterium 
from diseased Montipora capitata, and emended description of the genus 
Pseudoalteromonas. Int. J. Syst. Evol. Microbiol., 67(8), 2683-2688. 
65. Blanc, V., Gil, P., Bamas‐Jacques, N., Lorenzon, S., Zagorec, M., 
Schleuniger, J., Bisch, D., Blanche, F., Debussche, L., Crouzet, J. L., & 
Thibaut, D. (1997). Identification and analysis of genes from 
Streptomyces pristinaespiralis encoding enzymes involved in the 
biosynthesis of the 4‐dimethylamino‐l‐phenylalanine precursor of 
pristinamycin I. Mol. Microbiol., 23(2), 191-202. 
66. Bligh, E. G., & Dyer, W. J. (1959). A rapid method of total lipid extraction 
and purification. Can. J. Biochem. Physiol., 37, 911-917. 
67. Bodor, A., Bounedjoum, N., Vincze, G. E., Kis, Á. E., Laczi, K., Bende, G., 
Szilágyi, Á., Kovács, T., Perei, K., & Rákhely, G. (2020). Challenges of 
unculturable bacteria: environmental perspectives. Rev. Environ. Sci. 
Biotechnol., 19, 1-22. 
68. Bohórquez, J., McGenity, T. J., Papaspyrou, S., García-Robledo, E., 
Corzo, A., & Underwood, G. J. (2017). Different types of diatom-derived 
extracellular polymeric substances drive changes in heterotrophic 




69. Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible 
trimmer for Illumina sequence data. Bioinformatics, 30(15), 2114-2120.  
70. Bolhuis, H., & Stal, L. J. (2011). Analysis of bacterial and archaeal 
diversity in coastal microbial mats using massive parallel 16S rRNA gene 
tag sequencing. ISME J., 5(11), 1701-1712. 
71. Bolhuis, H., Fillinger, L., & Stal, L. J. (2013). Coastal Microbial Mat 
Diversity along a Natural Salinity Gradient. Plos One, 8(5), e63166. 
72. Bomar, L., Maltz, M., Colston, S., & Graf, J. (2011). Directed culturing of 
microorganisms using metatranscriptomics. MBio, 2(2), e00012-11.  
73. Boschker, H. T. S., De Brouwer, J. F. C., & Cappenberg, T. E. (1999). The 
contribution of macrophyte‐derived organic matter to microbial biomass in 
salt‐marsh sediments: Stable carbon isotope analysis of microbial 
biomarkers. Limnol. Oceanogr., 44(2), 309-319. 
74. Bouchotroch, S., Quesada, E., del Moral, A., Llamas, I., & Bejar, V. 
(2001). Halomonas maura sp. nov., a novel moderately halophilic, 
exopolysaccharide-producing bacterium. Int. J. Syst. Evol. Microbiol., 51, 
1625-1632. 
75. Bowen, J. L., Crump, B. C., Deegan, L. A., & Hobbie, J. E. (2009). Salt 
marsh sediment bacteria: their distribution and response to external 
nutrient inputs. ISME J., 3(8), 924-934. 
76. Bowman, J. P. (1998). Pseudoalteromonas prydzensis sp. nov., a 
psychrotrophic, halotolerant bacterium from Antarctic sea ice. Int. J. Syst. 
Evol. Microbiol., 48(3), 1037-1041. 
77. Bowman, J. P. (2007). Bioactive compound synthetic capacity and 
ecological significance of marine bacterial genus Pseudoalteromonas. 
Mar. Drugs, 5(4), 220-241. 
78. Boye, B. A., Falconer, R. A., & Akande, K. (2015). Integrated water quality 
modelling: Application to the Ribble Basin, UK. J. Hydro-Environ. Res., 
9(2), 187-199. 
79. Bozal, N., Tudela, E., Rossello-Mora, R., Lalucat, J., & Guinea, J. (1997). 
Pseudoalteromonas antarctica sp. nov., isolated from an Antarctic coastal 
environment. Int. J. Syst. Bacteriol. 47, 345-351. 
80. Braissant, O., Decho, A. W., Dupraz, C., Glunk, C., Przekop, K. M., & 




bacteria: interactions with calcium at alkaline pH and implication for 
formation of carbonate minerals. Geobiology, 5(4), 401-411. 
81. Brenner, S. E. (1999). Errors in genome annotation. Trends. Genet., 
15(4), 132-133. 
82. Brettin, T., Davis, J. J., Disz, T., Edwards, R. A., Gerdes, S., Olsen, G. J., 
Olson, R., Overbeek, R., Parrello, B., Pusch, G. D., & Shukla, M. (2015). 
RASTtk: a modular and extensible implementation of the RAST algorithm 
for building custom annotation pipelines and annotating batches of 
genomes. Sci. Rep., 5 (8365), 1-6.  
83. Brewer, J. S., Levine, J. M., & Bertness, M. D. (1998). Interactive effects 
of elevation and burial with wrack on plant community structure in some 
Rhode Island salt marshes. J. Ecol., 86(1), 125-136. 
84. Brinig, M. M., Lepp, P. W., Ouverney, C. C., Armitage, G. C., & Relman, 
D. A. (2003). Prevalence of bacteria of division TM7 in human subgingival 
plaque and their association with disease. Appl. Environ. Microbiol. 
69(3),1687-1694. 
85. Brown, J. (1997). The behaviour of radionuclides in the Ribble Estuary, 
NW England. Ph. D thesis, International Atomic Energy Agency (IAEA), 
Jan 1997, available from British Library Document Supply Centre- 
DSC:DXN052443. 
86. Brown, J. E., McDonald, P., Parker, A., & Rae, J. E. (1999). The vertical 
distribution of radionuclides in a Ribble Estuary saltmarsh: transport and 
deposition of radionuclides. J. Environ. Radioact., 43(3), 259-275. 
87. Brown, J. S., Gilliland, S. M., & Holden, D. W. (2001). A Streptococcus 
pneumoniae pathogenicity island encoding an ABC transporter involved 
in iron uptake and virulence. Mol. Microbiol., 40(3), 572-585. 
88. Browne, M. A., & Chapman, M. G. (2011). Ecologically informed 
engineering reduces loss of intertidal biodiversity on artificial shorelines. 
Environ. Sci. Technol., 45 (19), 8204-8207. 
89. Brune, A., Frenzel, P., & Cypionka, H. (2000). Life at the oxic-anoxic 
interface: microbial activities and adaptations. FEMS Microbiol. Rev., 
24(5), 691-710.  
90. Bruns, A., Cypionka, H., & Overmann, J. (2002). Cyclic AMP and acyl 




bacteria from the central Baltic Sea. Appl. Environ. Microbiol., 68, 3978-
3987.  
91. Buchan, A., Newell, S. Y., Butler, M., Biers, E. J., Hollibaugh, J. T., & 
Moran, M. A. (2003). Dynamics of bacterial and fungal communities on 
decaying salt marsh grass. Appl. Environ. Microbiol., 69(11), 6676-6687. 
92. Buchanan, R. E., & Gibbons, N. E. (1974). Bergey's Manual of 
Determinative Bacteriology, 8th edn., The Williams and Wilkins Co. 
Baltimore, MD, 1246.  
93. Buck, J. D., Meyers, S. P., & Leifson, E. (1963). Pseudomonas 
(Flavobacterium) piscicida Bein comb. Nov. J. Bacteriol. Res., 86(5), 
1125-1126. 
94. Burd, F. (1989). The saltmarsh survey of Great Britain. An inventory of 
British saltmarshes. No. 17, ISBN 0-86139-514-X. 
95. Burden, A., Smeaton, C., Angus, S., Garbutt, A., Jones, L., Lewis, H., & 
Rees, S. (2020). Impacts of climate change on coastal habitats, relevant 
to the coastal and marine environment around the UK. MCCIP Science 
Review, 228-255. 
96. Butler, A. (2005). Marine siderophores and microbial iron mobilization. 
Biometals, 18(4), 369-374. 
97. Caffrey, J. M., Hollibaugh, J. T., Bano, N., & Haskins, J. (2010).  Effects 
of upwelling on short-term variability in microbial and biogeochemical 
processes in estuarine sediments from Elkhorn Slough, California, USA. 
Aquat. Microb. Ecol., 58, 261-271. 
98. Caldwell, D. E., & Hirsch, P. (1973). Growth of microorganisms in two-
dimensional steady-state diffusion gradients. Can. J. Microbiol., 19(1), 53-
58.  
99. Caldwell, D. E., Lai, S. H., & Tiedje, J. M. (1973). A two-dimensional 
steady-state diffusion gradient for ecological studies. Bull. Ecol. Res. 
Comm., (17), 151-158. 
100. Calvo, C., Martínez-Checa, F., Toledo, F., Porcel, J., & Quesada, E. 
(2002). Characteristics of bioemulsifiers synthesised in crude oil media by 
Halomonas eurihalina and their effectiveness in the isolation of bacteria 





101. Cao, Y., Green, P. G., & Holden, P. A. (2008). Microbial community 
composition and denitrifying enzyme activities in salt marsh sediments. 
Appl. Environ. Microbiol., 74(24), 7585-7595.  
102. Capone, D. G., & Kiene, R. P. (1988). Comparison of microbial dynamics 
in marine and freshwater sediments: Contrasts in anaerobic carbon 
catabolism1. Limnol. Oceanogr., 33, 725-749. 
103. Caputo, A., Fournier, P. E., & Raoult, D. (2019). Genome and pan-
genome analysis to classify emerging bacteria. Biol. Direct, 14(1), 1-9. 
104. Cartwright, C. P., Stock, F., & Gill, V. J. (1994). Improved enrichment broth 
for cultivation of fastidious organisms. J. Clin. Microbiol., 32(7), 1825-
1826. 
105. Carvalho, A. L. U. D., Oliveira, F. H. P. C. D., Mariano, R. D. L. R., 
Gouveia, E. R., & Souto-Maior, A. M. (2010). Growth, sporulation and 
production of bioactive compounds by Bacillus subtilis R14. Braz. Arch. 
Biol. Technol., 53, 643-652.  
106. Chaudhary, D. K., Khulan, A., & Kim, J. (2019). Development of a novel 
cultivation technique for uncultured soil bacteria. Sci. Rep., 9(1), 1-11.  
107. Chaudhary, D. R., Kim, J., & Kang, H. (2018). Influences of different 
halophyte vegetation on soil microbial community at temperate salt 
marsh. Microb. Ecol., 75(3), 729-738. 
108. Chen, I. M. A., Chu, K., Palaniappan, K., Pillay, M., Ratner, A., Huang, J., 
Huntemann, M., Varghese, N., White, J. R., Seshadri, R., & Smirnova, T. 
(2019). IMG/M v. 5.0: an integrated data management and comparative 
analysis system for microbial genomes and microbiomes. Nucleic Acids 
Res., 47(D1), 666-677.  
109. Chen, J., Hanke, A., Tegetmeyer, H. E., Kattelmann, I., Sharma, R., 
Hamann, E., Hargesheimer, T., Kraft, B., Lenk, S., Geelhoed, J. S., & 
Hettich, R. L. (2017). Impacts of chemical gradients on microbial 
community structure. ISME J. 11(4), 920-931. 
110. Chen, P., Zhang, C., Ju, X., Xiong, Y., Xing, K., & Qin, S. (2019). 
Community composition and metabolic potential of endophytic 





111. Chmura, G. L., Anisfeld, S. C., Cahoon, D. R., & Lynch, J. C. (2003). 
Global carbon sequestration in tidal, saline wetland soils. Global 
biogeochemical cy., 17(4). 
112. Cho, J. C., & Giovannoni, S. J. (2004). Cultivation and growth 
characteristics of a diverse group of oligotrophic marine 
Gammaproteobacteria. Appl. Environ. Microbiol., 70(1), 432-440. 
113. Choi, Y., & Wang, Y. (2004). Dynamics of carbon sequestration in a 
coastal wetland using radiocarbon measurements. Global 
Biogeochemical Cy., 18(4), 4016-4027. 
114. Choudhury, J. D., Pramanik, A., Webster, N. S., Llewellyn, L. E., Gachhui, 
R., & Mukherjee, J. (2015). The pathogen of the Great Barrier Reef 
sponge Rhopaloeides odorabile is a new strain of Pseudoalteromonas 
agarivorans containing abundant and diverse virulence-related genes. 
Mar. Biotechnol., 17(4), 463-478. 
115. Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D. R., da Costa, 
M. S., Rooney, A. P., Yi, H., Xu, X. W., De Meyer, S., & Trujillo, M. E. 
(2018). Proposed minimal standards for the use of genome data for the 
taxonomy of prokaryotes. Int. J. Syst. Evol. Microbiol., 68(1), 461-466. 
116. Cifuentes, A., Antón, J., Benlloch, S., Donnelly, A., Herbert, R. A., & 
Rodríguez-Valera, F. (2000). Prokaryotic diversity in Zostera noltii-
colonized marine sediments. Appl. Environ. Microbiol., 66(4), 1715-1719. 
117. Cita, M. B. (2006). Exhumation of Messinian evaporites in the deep-sea 
and creation of deep anoxic brine-filled collapsed basins. Sediment. 
Geol., 188, 357-378. 
118. Colchester Borough Council (2020). Colchester Heritage Explorer, 
Monument record MCC5746 - Fingringhoe Marsh, Colchester Borough 
Council, viewed Jun. 2020, 
<https://colchesterheritage.co.uk/monument/mcc5746>. 
119. Collins, M. D., & Jones, D. (1981). Distribution of isoprenoid quinone 
structural types in bacteria and their taxonomic implication. Microbiol. 
Rev., 45(2), 316-354. 
120. Connon, S. A., & Giovannoni, S. J. (2002). High-throughput methods for 
culturing microorganisms in very-low-nutrient media yield diverse new 




121. Cook, P. L., Revill, A. T., Clementson, L., & Volkman, J. K. (2004). Carbon 
and nitrogen cycling on intertidal mudflats of a temperate Australian 
estuary. III. Sources of organic matter. Mar. Ecol. Prog. Ser., 280, 55-72. 
122. Cooper, N. J., Cooper, T., & Burd, F. (2001). 25 years of salt marsh 
erosion in Essex: Implications for coastal defence and nature 
conservation. J. Coast. Conserv, 7 (1), 31-40.  
123. Córdova-Kreylos, A. L., Cao, Y., Green, P. G., Hwang, H. M., Kuivila, K. 
M., LaMontagne, M.G., Van De Werfhorst, L. C., Holden, P. A., & Scow, 
K. M. (2006). Diversity, composition, and geographical distribution of 
microbial communities in California salt marsh sediments. Appl. Environ. 
Microbiol., 72(5), 3357-3366. 
124. Corpas, F. J., & Barroso, J. B. (2013). Nitro‐oxidative stress vs oxidative 
or nitrosative stress in higher plants. New Phytol., 199(3), 633-635. 
125. Costacurta, A., & Vanderleyden, J. (1995). Synthesis of phytohormones 
by plant-associated bacteria. Crit. Rev. Microbiol., 21(1), 1-18.  
126. Cottrell, M. T., Moore, J. A., & Kirchman, D. L. (1999). Chitinases from 
uncultured marine microorganisms. Appl. Environ. Microbiol., 65(6), 2553-
2557. 
127. Coulon, F., McKew, B. A., Osborn, A. M., McGenity, T. J., & Timmis, K. 
N. (2007). Effects of temperature and biostimulation on oil‐degrading 
microbial communities in temperate estuarine waters. Environ. Microbiol., 
9(1), 177-186. 
128. Craig, H. (1969). Geochemistry and origin of the Red Sea brines. In Hot 
brines and recent heavy metal deposits in the Red Sea. Springer, Berlin, 
Heidelberg, 208-242. 
129. Crowther, J., Kay, D., & Wyer, M. D. (2001). Relationships between 
microbial water quality and environmental conditions in coastal 
recreational waters: the Fylde coast, UK. Water Res., 35(17), 4029-4038. 
130. Culotti, A., & Packman, A. I. (2014). Pseudomonas aeruginosa promotes 
Escherichia coli biofilm formation in nutrient-limited medium. Plos One, 
9(9), e107186. 
131. Cupit, C., Lomstein, B. A., & Kjeldsen, K. U. (2019). Contrasting 
community composition of endospores and vegetative Firmicutes in a 
marine sediment suggests both endogenous and exogenous sources of 




132. Daane, L. L., Harjono, I., Zylstra, G. J., & Häggblom, M. M. (2001). 
Isolation and characterization of polycyclic aromatic hydrocarbon-
degrading bacteria associated with the rhizosphere of salt marsh plants. 
Appl. Environ. Microbiol., 67(6), 2683-2691. 
133. Davidson, J., Good, C., Welsh, C., & Summerfelt, S. J. (2014). Comparing 
the effects of high vs. low nitrate on the health, performance, and welfare 
of juvenile rainbow trout Oncorhynchus mykiss within water recirculating 
aquaculture systems. Aquac. Eng., 59, 30-40.  
134. Davis, K. E. R., Joseph, S. J., & Janssen, P. H. (2005). Effects of growth 
medium, inoculum size, and incubation time on culturability and isolation 
of soil bacteria. Appl. Environ. Microbiol., 71(2), 826-834.  
135. De Leeuw, J., Olff, H., & Bakker, J. P. (1990). Year-to-year variation in 
peak above-ground biomass of six salt-marsh angiosperm communities 
as related to rainfall deficit and inundation frequency. Aquat. Bot., 36, 139-
151. 
136. Del Fabbro, C., Scalabrin, S., Morgante, M., & Giorgi, F. M. (2013). An 
extensive evaluation of read trimming effects on Illumina NGS data 
analysis. Plos One, 8(12), e85024. 
137. Deming, J. W., & Baross, J. A. (2000). Survival, dormancy, and 
nonculturable cells in extreme deep-sea environments. In Nonculturable 
Microorganisms in the Environment. Springer, Boston, MA., 147-197. 
138. Denoël, T., Lemaire, C., & Luxen, A. (2018). Progress in lanthionine and 
protected lanthionine synthesis. Chem. Eur. J., 24(58), 15421-15441.  
139. Diab, A., & Al-Gounaim, M. Y. (1984). Distribution of Azotobacter, 
actinomycetes, cellulose-degrading, acid-producing, and phosphate-
dissolving bacteria in desert and salt marsh soils of Kuwait. Zentralblatt 
für Mikrobiologie, 139(6), 425-433. 
140. Díaz, E. (2004). Bacterial degradation of aromatic pollutants: a paradigm 
of metabolic versatility. Int. Microbiol., 7(3), 173-80. 
141. Dicker, H. J., & Smith, D. W. (1980). Enumeration and relative importance 
of acetylene-reducing (nitrogen-fixing) bacteria in a Delaware salt marsh. 
Appl. Environ. Microbiol., 39(5), 1019-1025.   
142. Didelot, X., Bowden, R., Wilson, D. J., Peto, T. E., & Crook, D. W. (2012). 
Transforming clinical microbiology with bacterial genome 




143. Diéguez, A. L., Balboa, S., & Romalde, J. L. (2020). Halomonas borealis 
sp. nov. and Halomonas niordiana sp. nov., two new species isolated from 
seawater. Syst. Appl. Microbiol., 43(1), 126040. 
144. Diken, E., Ozer, T., Arikan, M., Emrence, Z., Oner, E. T., Ustek, D., & 
Arga, K. Y. (2015). Genomic analysis reveals the biotechnological and 
industrial potential of levan producing halophilic extremophile, Halomonas 
smyrnensis AAD6T. SpringerPlus, 4 (393), 1-11. 
145. Dini-Andreote, F., e Silva, M. D. C. P., Triado-Margarit, X., Casamayor, E. 
O., Van Elsas, J. D., & Salles, J. F. (2014). Dynamics of bacterial 
community succession in a salt marsh chronosequence: evidences for 
temporal niche partitioning. ISME J., 8(10), 1989-2001. 
146. Dobretsov, S., Xiong, H., Xu, Y., Levin, L. A., & Qian, P. Y. (2007). Novel 
antifoulants: inhibition of larval attachment by proteases. Mar. Biotechnol., 
9(3), 388-397. 
147. Dobson, S. J., & Franzmann, P. D. (1996). Unification of the genera 
Deleya (Baumann et al. 1983), Halomonas (Vreeland et al. 1980), and 
Halovibrio (Fendrich 1988) and the species Paracoccus halodenitrificans 
(Robinson and Gibbons 1952) into a single genus, Halomonas, and 
placement of the genus Zymobacter in the family Halomonadaceae. Int. 
J. Syst. Evol. Microbiol., 46(2), 550-558. 
148. Doebeli, M., & Dieckmann, U. (2003). Speciation along environmental 
gradients. Nature, 421, 259-264. 
149. Dojka, M. A., Harris, J. K., & Pace, N. R. (2000). Expanding the known 
diversity and environmental distribution of an uncultured phylogenetic 
division of bacteria. Appl. Environ. Microbiol., 66(4), 1617-1621. 
150. Dong, X., Greening, C., Rattray, J. E., Chakraborty, A., Chuvochina, M., 
Mayumi, D., Dolfing, J., Li, C., Brooks, J. M., Bernard, B. B., Groves, R. 
A., Lewis, I. A., & Hubert, C. R. J. (2019). Metabolic potential of uncultured 
bacteria and archaea associated with petroleum seepage in deep-sea 
sediments. Nat. Commun., 10(1), 1-12. 
151. Dugan, J. E., Airoldi, L., Chapman, M. G., Walker, S. J., Schlacher, T., & 
Eric, W. & Donald, M. (2011). Estuarine and coastal structures: 
environmental effects, a focus on shore and nearshore structures. In E. 
Wolanski & D. McLusky (eds.) Treatise on Estuarine and Coastal Science, 




152. Dunny, G. M., & Winans, S. C. (Eds.) (1999). Cell-cell signaling in 
bacteria. ASM press Washington, DC, 520. 
153. Dupraz, C., & Visscher, P. T. (2005). Microbial lithification in marine 
stromatolites and hypersaline mats. Trends Microbiol., 13(9), 429-438.    
154. Dworkin, M. (2006). The Prokaryotes. Proteobacteria: Gamma Subclass. 
Springer Science & Business Media, 6. 
155. Eder, W., Jahnke, L. L., Schmidt, M., & Huber, R. (2001). Microbial 
diversity of the brine-seawater interface of the Kebrit Deep, Red Sea, 
studied via 16S rRNA gene sequences and cultivation methods. Appl. 
Environ. Microbiol., 67(7), 3077-3085.  
156. Eder, W., Schmidt, M., Koch, M., Garbe‐Schönberg, D., & Huber, R. 
(2002). Prokaryotic phylogenetic diversity and corresponding 
geochemical data of the brine–seawater interface of the Shaban Deep, 
Red Sea. Environ. Microbiol., 4(11), 758-763. 
157. Egan, S., Holmström, C., & Kjelleberg, S. (2001). Pseudoalteromonas 
ulvae sp. nov., a bacterium with antifouling activities isolated from surface 
of a marine alga. Int. J. Syst. Evol. Microbiol., 51, 1499-1504. 
158. Egan, S., James, S., Holmström, C., & Kjelleberg, S. (2002). Correlation 
between pigmentation and antifouling compounds produced by 
Pseudoalteromonas tunicata. Environ. Microbiol., 4(8), 433-442. 
159. Eisen, J. A. (2007). Environmental shotgun sequencing: its potential and 
challenges for studying the hidden world of microbes. Plos Biol., 5(3), e82, 
384-388. 
160. Emerson, D., Worden, R. M., & Breznak, J. A. (1994). A Diffusion gradient 
chamber for studying microbial behavior and separating microorganisms. 
Appl. Environ. Microbiol., 60(4), 1269-1278. 
161. Erhardt, M. (2016). Strategies to block bacterial pathogenesis by 
interference with motility and chemotaxis. In How to Overcome the 
Antibiotic Crisis. Springer, Cham, 185-205. 
162. Exton, D. A., Suggett, D. J., Steinke, M., & McGenity, T. J. (2012). Spatial 
and temporal variability of biogenic isoprene emissions from a temperate 
estuary. Global biogeochemical cy., 26(2), ISSN 0886-6236. 
163. EZBioCloud, Chunlab (May 2020). EzBioCloud database update 





164. Falkinham, J. O., Wall, T. E., Tanner, J. R., Tawaha, K., Alali, F. Q., Li, 
C., & Oberlies, N. H. (2009). Proliferation of antibiotic-producing bacteria 
and concomitant antibiotic production as the basis for the antibiotic activity 
of Jordan's red soils. Appl. Environ. Microbiol., 75(9), 2735-2741. 
165. Fang, B. Z., Salam, N., Han, M. X., Jiao, J. Y., Cheng, J., Wei, D. Q., Xiao, 
M., & Li, W. J. (2017). Insights on the effects of heat pretreatment, pH, 
and calcium salts on isolation of rare Actinobacteria from karstic caves. 
Front. Microbiol., 8, 1535. 
166. Farr, S. B., & Kogoma, T. O. K. I. O. (1991). Oxidative stress responses 
in Escherichia coli and Salmonella typhimurium. Microbiol. Rev., 55(4), 
561-585. 
167. Fautley, M. P. B., & Garon, J. H. (2004). Essex coastline: Then and now. 
Potton Publishing. 
168. Fendrich, C. (1988). Halovibrio variabilis gen. nov. sp. nov., 
Pseudomonas halophila sp. nov. and a new halophilic aerobic coccoid 
Eubacterium from Great Salt Lake, Utah, USA. Syst. Appl. Microbiol., 11, 
36-43.  
169. Fernandes, S., & Kerkar, S. (2019). Bacterial probiotics over antibiotics: 
A boon to aquaculture. In Advances in Biological Science Research, 
Academic Press, 215-232.  
170. Fichtel, J., Köster, J., Rullkötter, J., & Sass, H. (2008). High variations in 
endospore numbers within tidal flat sediments revealed by quantification 
of dipicolinic acid. Geomicrobiol. J., 25(7-8), 371-380. 
171. Fidalgo, C., Henriques, I., Rocha, J., Tacão, M., & Alves, A. (2016). 
Culturable endophytic bacteria from the salt marsh plant Halimione 
portulacoides: phylogenetic diversity, functional characterization, and 
influence of metal (loid) contamination. Environ. Sci. Pollut. Res., 23(10), 
10200-10214. 
172. Filippidou, S., Junier, T., Wunderlin, T., Lo, C. C., Li, P. E., Chain, P. S., 
& Junier, P. (2015). Under‐detection of endospore‐forming Firmicutes in 
metagenomic data. Comput. Struct. Biotechnol. J., 13, 299-306. 
173. Finkelstein, R. A., & Lankford, C. E. (1957). A bacteriotoxic substance in 
autoclaved culture media containing glucose and phosphate. Appl. 




174. Ford, H., Evans, B. E. N., Van Klink, R., Skov, M. W., & Garbutt, A. (2017). 
The importance of canopy complexity in shaping seasonal spider and 
beetle assemblages in saltmarsh habitats. Ecol. Entomol., 42(2), 145-155. 
175. Ford, H., Garbutt, A., Jones, L., & Jones, D. L. (2012). Methane, carbon 
dioxide and nitrous oxide fluxes from a temperate salt marsh: Grazing 
management does not alter Global Warming Potential. Estuar. Coast. 
Shelf. Sci., 113, 182-191. 
176. Ford, H., Garbutt, A., Ladd, C., Malarkey, J., & Skov, M. W. (2016). Soil 
stabilization linked to plant diversity and environmental context in coastal 
wetlands. J. Veg. Sci., 27(2), 259-268. 
177. Fournier, P. E., Raoult, D., & Drancourt, M. (2017). New Species 
Announcement: a new format to prompt the description of new human 
microbial species. New Microbes New Infect., 15, 136-137. 
178. Frank, J. A., Reich, C. I., Sharma, S., Weisbaum, J. S., Wilson, B. A., & 
Olsen, G. J. (2008). Critical evaluation of two primers commonly used for 
amplification of bacterial 16S rRNA genes. Appl. Environ. Microbiol., 
74(8), 2461-2470. 
179. Franzmann, P. D., & Tindall, B. J. (1990). A chemotaxonomic study of 
members of the family Halomonadaceae. Syst. Appl. Microbiol., 13(2), 
142-147. 
180. Franzmann, P. D., Burton, H. R., & McMeekin, T. A. (1987). Halomonas 
subglaciescola, a new species of halotolerant bacteria isolated from 
Antarctica. Int. J. Syst. Bacteriol., 37, 27-34. 
181. Franzmann, P. D., Wehmeyer, U., & Stackebrandt, E. (1988). 
Halomonadaceae fam. nov., a new family of the class Proteobacteria to 
accommodate the genera Halomonas and Deleya. Syst. Appl. Microbiol., 
11(1), 16-19. 
182. Fraser, C. M., Eisen, J. A., & Salzberg, S. L. (2000). Microbial genome 
sequencing. Nature, 406(6797), 799-803. 
183. Fraser-Liggett, C. M. (2005). Insights on biology and evolution from 
microbial genome sequencing. Genome res., 15(12), 1603-1610. 
184. Fredricks, D. N., Fiedler, T. L., & Marrazzo, J. M. (2005). Molecular 
identification of bacteria associated with bacterial vaginosis. N. Engl. J. 




185. Frey, A. D., Farrés, J., Bollinger, C. J., & Kallio, P. T. (2002). Bacterial 
hemoglobins and flavohemoglobins for alleviation of nitrosative stress in 
Escherichia coli. Appl. Environ. Microbiol., 68(10), 4835-4840. 
186. Friess, D. A., Yando, E. S., Alemu, J. B., Wong, L. W., Soto, S. D., & 
Bhatia, N. (2020). Ecosystem services and disservices of mangrove 
forests and salt marshes. Oceanogr. Mar. Bio., 58, 107-142. 
187. Gallagher, J. L., & Daiber, F. C. (1974). Primary production of edaphic 
algal communities in a Delaware salt marsh. Limnol. Oceanogr., 19, 390-
395. 
188. Galperin, M. Y., Makarova, K. S., Wolf, Y. I., & Koonin, E. V. (2015). 
Expanded microbial genome coverage and improved protein family 
annotation in the COG database. Nucleic Acids Res., 43(Database issue), 
D261-D269. 
189. Galvão, T. C., Mohn, W. W., & de Lorenzo, V. (2005). Exploring the 
microbial biodegradation and biotransformation gene pool. Trends 
Biotechnol., 23(10), 497-506. 
190. Gam, Z. B. A., Abdelkafi, S., Casalot, L., Tholozan, J. L., Oueslati, R., & 
Labat, M. (2007). Modicisalibacter tunisiensis gen. nov., sp. nov., an 
aerobic, moderately halophilic bacterium isolated from an oilfield-water 
injection sample, and emended description of the family Halomonadaceae 
Franzmann et al. 1989 emend Dobson and Franzmann 1996 emend. 
Ntougias et al. 2007. Int. J. Syst. Evol. Microbiol., 57, 2307-2313. 
191. Gan, L., Long, X., Zhang, H., Hou, Y., Tian, J., Zhang, Y., & Tian, Y. 
(2018). Halomonas saliphila sp. nov., a moderately halophilic bacterium 
isolated from a saline soil. Int. J. Syst. Evol. Microbiol., 68(4), 1153-1159. 
192. Gangola, S., Sharma, A., Bhatt, P., Khati, P., & Chaudhary, P. (2018). 
Presence of esterase and laccase in Bacillus subtilis facilitates 
biodegradation and detoxification of cypermethrin. Sci. Rep., 8(1), 1-11. 
193. Gao, G., Falconer, R. A., & Lin, B. (2015). Modelling the fate and transport 
of faecal bacteria in estuarine and coastal waters. Mar. Pollut. Bull., 
100(1), 162-168. 
194. García, M. T., Mellado, E., Ostos, J. C., & Ventosa, A. (2004). Halomonas 
organivorans sp. nov., a moderate halophile able to degrade aromatic 




195. Garriga, M., Ehrmann, M. A., Arnau, J., Hugas, M., & Vogel, R. F. (1998). 
Carnimonas nigrificans gen. nov., sp. nov., a bacterial causative agent for 
black spot formation on cured meat products. Int. J. Syst. Bacteriol., 48, 
677-686. 
196. Garrity, G. M., Bell, J. A., & Lilburn, T. G. (2004). Taxonomic outline of the 
prokaryotes. In Bergey’s Manual of Systematic Bacteriology, 2nd edn., 
release 5.0. New York, Springer.  
197. Gashgari, R., Gherbawy, Y., Ameen, F., & Alsharari, S. (2016). Molecular 
characterization and analysis of antimicrobial activity of endophytic fungi 
from medicinal plants in Saudi Arabia. Jundishapur J. Microbiol., 9(1), 
e26157. 
198. Gauthier, G., Gauthier, M., & Christen, R. (1995b). Phylogenetic analysis 
of the genera Alteromonas, Shewanella, and Moritella using genes coding 
for small-subunit rRNA sequences and division of the genus Alteromonas 
into two genera, Alteromonas (emended) and Pseudoalteromonas gen. 
nov., and proposal of twelve new species combinations. Int. J. Syst. Evol. 
Microbiol., 45(4), 755-761. 
199. Gauthier, G., Lafay, B., Ruimy, R., Breittmayer, V., Nicolas, J. L., 
Gauthier, M., & Christen, R. (1995a). Small-subunit rRNA sequences and 
whole DNA relatedness concur for the reassignment of Pasteurella 
piscicida (Snieszko et al.) Janssen and Surgalla to the genus 
Photobacterium as Photobacterium damsela subsp. piscicida comb. nov. 
Int. J. Syst. Evol. Microbiol., 45, 139-144. 
200. Gauthier, M. J. (1976a). Modification of bacterial respiration by a 
macromolecular polyanionic antibiotic produced by a marine 
Alteromonas. Antimicrobial agents and chemotherapy, 9(3), 361-366. 
201. Gauthier, M. J. (1976b). Alteromonas rubra sp. nov., a new marine 
antibiotic-producing bacterium. Int. J. Syst. Bacteriol., 26, 459-466. 
202. Gauthier, M. J. (1982). Validation of the name Alteromonas luteoviolacea. 
Int. J. Syst. Evol. Microbiol., 32(1), 82-86. 
203. Gauthier, M. J., & Breittmayer, V. A. (1979). A new antibiotic-producing 
bacterium from seawater: Alteromonas aurantia sp. nov. Int. J. Syst. Evol. 
Microbiol., 29(4), 366-372. 
204. Gayathri, S., Saravanan, D., Radhakrishnan, M., Balagurunathan, R., & 




bacteria from leaves of mangrove and salt-marsh plant species. Indian J. 
Biotechnol., 9(4), 397-402. 
205. Gerdes, S. Y., Scholle, M. D., D'Souza, M., Bernal, A., Baev, M. V., Farrell, 
M., et al. (2002). From genetic footprinting to antimicrobial drug targets: 
examples in cofactor biosynthetic pathways. J. Bacteriol. 184, (16), 4555-
4572. 
206. Gerhardt, P., Murray, R. G. E., Costilow, R. N., Nester, E. W., Wood, W. 
A., Krieg, N. R., & Phillips, G. B. (1981). Gerhardt, P. (ed.) Methods for 
general bacteriology. Methodology for general and molecular 
bacteriology.  
207. Geyer, K. M., Takacs-Vesbach, C. D., Gooseff, M. N., & Barrett, J. E. 
(2017). Primary productivity as a control over soil microbial diversity along 
environmental gradients in a polar desert ecosystem. PeerJ, 5, e3377. 
208. Giblin, A. E., Weston, N. B., Banta, G. T., Tucker, J., & Hopkinson, C. S. 
(2010). The effects of salinity on nitrogen losses from an oligohaline 
estuarine sediment. Estuaries Coast, 33(5), 1054-1068.  
209. Gilewicz, M., Nadalig, T., Budzinski, H., Doumenq, P., Michotey, V., & 
Bertrand, J. C. (1997). Isolation and characterization of a marine 
bacterium capable of utilizing 2-methylphenanthrene. Appl. Microbiol. 
Biotechnol., 48(4), 528-533. 
210. Goldberg, S. M., Johnson, J., Busam, D., Feldblyum, T., Ferriera, S., 
Friedman, R., Halpern, A., Khouri, H., Kravitz, S. A., Lauro, F. M., & Li, K. 
(2006). A Sanger/pyrosequencing hybrid approach for the generation of 
high-quality draft assemblies of marine microbial genomes. Proc. Natl. 
Acad. Sci., 103(30), 11240-11245. 
211. Gordon, D. M., Oliver, E., & Littlefield-Wyer, J. (2007). The diversity of 
bacteriocins in Gram-negative bacteria. In Bacteriocins. Springer, Berlin, 
Heidelberg, 5-18. 
212. Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., 
Vandamme, P., & Tiedje, J. M. (2007). DNA–DNA hybridization values 
and their relationship to whole-genome sequence similarities. Int. J. Syst. 
Evol. Microbiol., 57(1), 81-91. 
213. Gorospe, J. N., Nakamura, K., Abe, M., &  Higashi, S. (1996). Potential 





214. Grant, J., & Gust, G. (1987). Prediction of coastal sediment stability from 
photopigment content of mats of purple sulfur bacteria. Nature, 330, 244-
246. 
215. Gray, A. J. (1992). Saltmarsh plant ecology: zonation and succession 
revisited. Saltmarshes: morphodynamics, conservation and engineering 
significance. Cambridge University Press, Cambridge, 63-79. 
216. Gray, N. D., & Head, I. M. (2014). The family Achromatiaceae. In The 
Prokaryotes: Gammaproteobacteria. Berlin-Heidelberg, Springer, 1-14. 
217. Griffiths, R. I., Whiteley, A. S., O’Donnell, A. G., & Bailey, M. J. (2000). 
Rapid method for coextraction of DNA and RNA from natural 
environments for analysis of ribosomal DNA-and rRNA-based microbial 
community composition. Appl. Environ. Microbiol., 66(12), 5488-5491. 
218. Grover, J. P. (2000). Resource competition and community structure in 
aquatic micro-organisms: experimental studies of algae and bacteria 
along a gradient of organic carbon to inorganic phosphorus supply. J. 
Plankton Res., 22(8), 1591-1610. 
219. Gurevich, A., Saveliev, V., Vyahhi, N., & Tesler, G. (2013). QUAST: 
quality assessment tool for genome assemblies. Bioinformatics, 29(8), 
1072-1075. 
220. Handley, K. M., & Lloyd, J. R. (2013). Biogeochemical implications of the 
ubiquitous colonization of marine habitats and redox gradients by 
Marinobacter species. Front. Microbiol., 4, 136. 
221. Hannaford, J., Pinn, E. H., & Diaz, A. (2006). The impact of sika deer 
grazing on the vegetation and infauna of Arne salt marsh. Mar. Pollut. 
Bull., 53, 56-62. 
222. Hansen, A. J., Weeks, O. B., & Colwell, R. R. (1965). Taxonomy of 
Pseudomonas piscicida (Bein) Buck, Meyers, and Leifson. J. Bacteriol. 
Res., 89(3), 752-761. 
223. Harmsworth, G. C., & Long, S. P. (1986). An assessment of saltmarsh 
erosion in Essex, England, with reference to the Dengie Peninsula. 
Biological Conservation, 35(4), 377-387. 
224. Harris, J. K., Kelley, S. T., & Pace, N. R. (2004). New perspective on 





225. Harwani, D. (2013). The great plate count anomaly and the unculturable 
bacteria. Microbiology, 2(9), 350-351. 
226. Hassard, F., Andrews, A., Jones, D. L., Parsons, L., Jones, V., Cox, B. A., 
Daldorph, P., Brett, H., McDonald, J. E., & Malham, S. K. (2017). Physico-
chemical factors influence the abundance and culturability of human 
enteric pathogens and fecal indicator organisms in estuarine water and 
sediment. Front. Microbiol., 8, 1996. 
227. Hata, D. J. (2017). Fastidious and furious: reporting antimicrobial 
susceptibility testing for fastidious or infrequently isolated bacteria. Clin. 
Microbiol. Newsl., 39(24), 191-198.  
228. He, X., McLean, J. S., Edlund, A., Yooseph, S., Hall, A. P., Liu, S. Y., 
Dorrestein, P. C., Esquenazi, E., Hunter, R. C., Cheng, G., Nelson, K. E., 
Lux, R., & Shi, W. (2015). Cultivation of a human-associated TM7 
phylotype reveals a reduced genome and epibiotic parasitic lifestyle. Proc. 
Natl. Acad. Sci., 112(1), 244-249. 
229. Hebert, A. M., & Vreeland, R. H. (1987). Phenotypic comparison of 
halotolerant bacteria: Halomonas halodurans sp. nov., nom. rev., comb. 
nov. Int. J. Syst. Bacteriol., 37, 347-350. 
230. Hemminga, M. A., Klap, V. A., Van Soelen, J., & Boon, J. J. (1993). Effect 
of salt marsh inundation on estuarine particulate organic matter 
characteristics. Mar. Ecol. Prog. Ser., 99, 153-161. 
231. Herbert, R. B., & Knaggs, A. R. (1992). Biosynthesis of the antibiotic 
obafluorin from p-aminophenylalanine and glycine (glyoxylate).  J. Chem. 
Soc. Perkin 1, (1), 109-113. 
232. Heulin, T., Guckert, A., & Balandreau, J. (1987). Stimulation of root 
exudation of rice seedlings by Azospirillum strains: carbon budget under 
gnotobiotic conditions. Biol. Fertil. Soils, 4(1-2), 9-14. 
233. Heuston, S., Begley, M., Gahan, C. G., & Hill, C. (2012). Isoprenoid 
biosynthesis in bacterial pathogens. Microbiology, 158(6), 1389-1401.  
234. Hibbing, M. E., Fuqua, C., Parsek, M. R., & Peterson, S. B. (2010). 
Bacterial competition: surviving and thriving in the microbial jungle. Nat. 
Rev. Microbiol., 8(1), 15-25. 
235. Hill, G. B. (1991). Spiral gradient endpoint method compared to standard 
agar dilution for susceptibility testing of anaerobic gram-negative bacilli. 




236. Hinrichsen, L. L., Montel, M. C., & Talon, R. (1994). Proteolytic and 
lipolytic activities of Micrococcus roseus, Halomonas elongata and Vibrio 
sp. isolated from Danish bacon curing brines. Int. J. Food Microbiol., 22(2-
3), 115-126. 
237. Holden, V. J., Worsley, A. T., Booth, C. A., & Lymbery, G. (2011). 
Characterisation and sediment-source linkages of intertidal sediment of 
the UK’s north Sefton Coast using magnetic and textural properties: 
findings and limitations. Ocean Dyn. 61(12), 2157-2179. 
238. Holmström, C., & Kjelleberg, S. (1999). Marine Pseudoalteromonas 
species are associated with higher organisms and produce biologically 
active extracellular agents. FEMS Microbiol. Ecol., 30(4), 285-293. 
239. Holmström, C., Egan, S., Franks, A., McCloy, S., & Kjelleberg, S. (2002). 
Antifouling activities expressed by marine surface associated 
Pseudoalteromonas species. FEMS Microbiol. Ecol., 41(1), 47-58. 
240. Holmström, C., James, S., Egan, S., & Kjelleberg, S. (1996). Inhibition of 
common fouling organisms by marine bacterial isolates ith special 
reference to the role of pigmented bacteria. Biofouling, 10(1-3), 251-259. 
241. Holmström, C., James, S., Neilan, B. A., White, D. C., & Kjelleberg, S. 
(1998). Pseudoalteromonastunicata sp. nov., a bacterium that produces 
antifouling agents. Int. J. Syst. Evol. Microbiol., 48(4), 1205-1212. 
242. Hou, L., Zheng, Y., Liu, M., Gong, J., Zhang, X., Yin, G., & You, L. (2013). 
Anaerobic ammonium oxidation (anammox) bacterial diversity, 
abundance, and activity in marsh sediments of the Yangtze Estuary. J. 
Geophys. Res. Biogeosci., 118(3), 1237-1246. 
243. Howarth, R. W. (1988). Nutrient limitation of net primary production in 
marine ecosystems. Annu. Rev. Ecol. Evol. Syst., 19, 89-110. 
244. Howe, K. L., Contreras-Moreira, B., De Silva, N., Maslen, G., Akanni, W., 
Allen, J., Alvarez-Jarreta, J., Barba, M., Bolser, D. M., Cambell, L., & 
Carbajo, M. (2020). Ensembl genomes 2020—enabling non-vertebrate 
genomic research. Nucleic Acids Res., 48(D1), D689-D695. 
245. Huang, G., Falconer, R. A., & Lin, B. (2017a). Integrated hydro-bacterial 
modelling for predicting bathing water quality. Estuar. Coast. Shelf. Sci., 
188, 145-155. 
246. Huang, J., Huang, Z., & Shao, Z. (2017b). Paraferrimonas haliotis sp. 




emendation of description of the genus Paraferrimonas. Int. J. Syst. Evol. 
Microbiol., 67(12), 5062-5066. 
247. Hucker, G. J., & Conn, H. J. (1923). Methods of Gram staining. Publisher 
New York Agricultural Experiment Station. 
248. Iliopoulos, I., Tsoka, S., Andrade, M. A., Enright, A. J., Carroll, M., Poullet, 
P., Promponas, V., Liakopoulos, T., Palaios, G., Pasquier, C., & 
Hamodrakas, S. (2003). Evaluation of annotation strategies using an 
entire genome sequence. Bioinformatics, 19(6), 717-726. 
249. Imada, C., Maeda, M., & Taga, N. (1985). Purification and characterization 
of the protease inhibitor ‘monastatin’ from amarine Alteromonas sp. with 
reference to inhibition of the protease produced by a bacterium 
pathogenic to fish. Can. J. Microbiol., 31,1089-1094. 
250. Imlay, J. A. (2013). The molecular mechanisms and physiological 
consequences of oxidative stress: lessons from a model bacterium. Nat. 
Rev. Microbiol., 11(7), 443-454. 
251. Inagaki, F., Suzuki, M., Takai, K., Oida, H., Sakamoto, T., Aoki, K., 
Nealson, K. H., & Horikoshi, K. (2003). Microbial communities associated 
with geological horizons in coastal subseafloor sediments from the Sea of 
Okhotsk. Appl. Environ. Microbiol., 69(12), 7224-7235. 
252. Isnansetyo, A., & Kamei, Y. (2003). MC21-A, a bactericidal antibiotic 
produced by a new marine bacterium, Pseudoalteromonas phenolica sp. 
nov. O-BC30(T), against MRSA - methicillin-resistant Staphylococcus 
aureus. Antimicrob. Agents. Chemother., 47,480-488. 
253. Ivanova, E. P., Flavier, S., & Christen, R. (2004). Phylogenetic 
relationships among marine Alteromonas-like proteobacteria: emended 
description of the family Alteromonadaceae and proposal of 
Pseudoalteromonadaceae fam. nov., Colwelliaceae fam. nov., 
Shewanellaceae fam. nov., Moritellaceae fam. nov., Ferrimonadaceae 
fam. nov., Idiomarinaceae fam. nov. and Psychromonadaceae fam. nov. 
Int. J. Syst. Evol. Microbiol., 54(5), 1773-1788. 
254. Ivanova, E. P., Sawabe, T., Alexeeva, Y. V., Lysenko, A. M., Gorshkova, 
N. M., Hayashi, K., Zukova, N. V., Christen, R., & Mikhailov, V. V. (2002a). 
Pseudoalteromonas issachenkonii sp. nov., a bacterium that degrades 
the thallus of the brown alga Fucus evanescens. Int. J. Syst. Evol. 




255. Ivanova, E. P., Sawabe, T., Lysenko, A. M., Gorshkova, N. M., Svetashev, 
V. I., Nicolau, D. V., Yumoto, N., Taguchi, T., Yoshikawa, S., Christen, R., 
& Mikhailov, V. V. (2002b). Pseudoalteromonas ruthenica sp. nov., 
isolated from marine invertebrates. Int. J. Syst. Evol. Microbiol., 52(1), 
235-240. 
256. Ivanova, E. P., Shevchenko, L. S., Sawabe, T., Lysenko, A. M., 
Svetashev, V. I., Gorshkova, N. M., Satomi, M., Christen, R., & Mikhailov, 
V. V. (2002c). Pseudoalteromonas maricaloris sp. nov., isolated from an 
Australian sponge, and reclassification of [Pseudoalteromonas aurantia] 
NCIMB 2033 as Pseudoalteromonas flavipulchra sp. nov. Int. J. Syst. 
Evol. Microbiol., 52(1), 263-271. 
257. Ivanova, E. P., Zhukova, N. V., Svetashev, V. I., Gorshkova, N. M., 
Kurilenko, V. V., Frolova, G. M., & Mikhailov, V. V. (2000b). Evaluation of 
phospholipid and fatty acid compositions as chemotaxonomic markers of 
Alteromonas-like proteobacteria. Curr. Microbiol., 41, 341-345. 
258. Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., & 
Aluru, S. (2018). High throughput ANI analysis of 90K prokaryotic 
genomes reveals clear species boundaries. Nat. Commun., 9(1), 1-8. 
259. Jannasch, H. W., & Jones, G. E. (1959). Bacterial populations in sea water 
as determined by different methods of enumeration. Limnol. Oceanogr., 
4(2), 128-139. 
260. Jenkins, M. C., & Kemp, W. M. (1984). The coupling of nitrification and 
denitrification in two estuarine sediments. Limnol. Oceanogr., 29, 609-
619. 
261. Jensen, M. H., Andersen, T. K. & Sorensen, J. (1988). Denitrification in 
coastal bay sediment: regional and seasonal variation in Aarhus Bight, 
Denmark. Marine Ecology, 48, 155-162. 
262. JNCC (2019). JNCC, List of UK BAP Priority Habitats- Coastal Saltmarsh, 
viewed Nov. 2020, <https://jncc.gov.uk/our-work/uk-bap-priority-
habitats/>. 
263. Johnston, A., Crombie, A. T., El Khawand, M., Sims, L., Whited, G. M., 
McGenity, T. J., & Colin Murrell, J. (2017). Identification and 
characterisation of isoprene‐degrading bacteria in an estuarine 




264. Joly-Guillou, M. L. (2005). Clinical impact and pathogenicity of 
Acinetobacter. Clin. Microbiol. Infect., 11(11), 868-873. 
265. Josenhans, C., & Suerbaum, S. (2002). The role of motility as a virulence 
factor in bacteria. Int. J. Med. Microbiol., 291(8), 605-614. 
266. Joye, S. B., & Hollibaugh, J. T. (1995). Influence of sulfide inhibition of 
nitrification on nitrogen regeneration in sediments. Science, 270(5236), 
623-625. 
267. Kaartvedt, S., Antunes, A., Røstad, A., Klevjer, T. A., & Vestheim, H. 
(2016). Zooplankton at deep Red Sea brine pools. J. Plankton Res., 38(3), 
679-684.  
268. Kaeberlein, T., Lewis, K., & Epstein, S. S. (2002). Isolating" uncultivable" 
microorganisms in pure culture in a simulated natural environment. 
Science, 296(5570),1127-1129.  
269. Kalyanasundaram, I., Nagamuthu, J., & Muthukumaraswamy, S. (2015). 
Antimicrobial activity of endophytic fungi isolated and identified from salt 
marsh plant in Vellar Estuary. J. Microbiol. Antimicrob., 7(2), 13-20. 
270. Kämpfer, P., Rekha, P. D., Busse, H. J., Arun, A. B., Priyanka, P., & 
Glaeser, S. P. (2018). Halomonas malpeensis sp. nov., isolated from 
rhizosphere sand of a coastal sand dune plant. Int. J. Syst. Evol. 
Microbiol., 68(4), 1037-1046. 
271. Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M., Itoh, M., 
Katayama, T., Kawashima, S., Okuda, S., Tokimatsu, T., & Yamanishi, Y. 
(2007). KEGG for linking genomes to life and the environment. Nucleic 
Acids Res., 36(Database issue), D480-D484. 
272. Kappes, R. M., Kempf, B., Kneip, S., Boch, J., Gade, J., Meier‐Wagner, 
J., & Bremer, E. (1999). Two evolutionarily closely related ABC 
transporters mediate the uptake of choline for synthesis of the 
osmoprotectant glycine betaine in Bacillus subtilis. Mol. Microbiol., 32(1), 
203-216. 
273. Karp, P. D., Ivanova, N., Krummenacker, M., Kyrpides, N., Latendresse, 
M., Midford, P., Ong, W. K., Paley, S., & Seshadri, R. (2019). A 
comparison of microbial genome web portals. Front. Microbiol., 10, 208. 
274. Karp, P. D., Krummenacker, M., Paley, S., & Wagg, J. (1999). Integrated 
pathway-genome databases and their role in drug discovery. Trends 




275. Karp, P. D., Riley, M., Saier, M., Paulsen, I. T., Collado-Vides, J., Paley, 
S. M., Pellegrini-Toole, A., Bonavides, C., & Gama-Castro, S. (2002). The 
ecocyc database. Nucleic Acids Res., 30(1), 56-58. 
276. Kato, S., Yamagishi, A., Daimon, S., Kawasaki, K., Tamaki, H., Kitagawa, 
W., Abe, A., Tanaka, M., Sone, T., Asano, K., & Kamagata, Y. (2018). 
Isolation of previously uncultured slow-growing bacteria by using a simple 
modification in the preparation of agar media. Appl. Environ. Microbiol., 
84(19), e00807-18. 
277. Kawai, M., Uchiyama, I., Takami, H., & Inagaki, F. (2015). Low frequency 
of endospore‐specific genes in subseafloor sedimentary metagenomes. 
Environ. Microbiol. Rep., 7(2), 341-350. 
278. Kawasaki, K., & Kamagata, Y. (2017). Phosphate-catalyzed hydrogen 
peroxide formation from agar, gellan, and κ-carrageenan and recovery of 
microbial cultivability via catalase and pyruvate. Appl. Environ. Microbiol., 
83(21). 
279. Kay, D., Wyer, M., Crowther, J., Stapleton, C., Bradford, M., McDonald, 
A., Greaves, J., Francis, C., & Watkins, J. (2005). Predicting faecal 
indicator fluxes using digital land use data in the UK's sentinel Water 
Framework Directive catchment: The Ribble study. Water Res., 39(16), 
3967-3981. 
280. KBase Predictive Biology (n.d.). KBase Predictive Biology App Catalog, 




281. Kchouk, M., Gibrat, J. F., & Elloumi, M. (2017). Generations of sequencing 
technologies: from first to next generation. Biol. Med., 9(3), 105-111. 
282. Kell, D. B., & Young, M. (2000). Bacterial dormancy and culturability: the 
role of autocrine growth factors. Curr. Opin. Microbiol., 3(3), 238-243. 
283. Kell, D. B., Kaprelyants, A. S., & Grafen, A. (1995). Pheromones, social 
behaviour and the functions of secondary metabolism in bacteria. Trends 
Ecol. Evol., 10(3), 126-129. 
284. Kemp, W. M., Sampou, P., Caffrey, J., Mayer, M., Henriksen, K., & 
Boynton, W. R. (1990). Ammonium recycling versus denitrification in 




285. Kerkhof, L. J., Voytek, M. A., Sherrell, R. M., Millie, D., & Schofield, O. 
(1999). Variability in bacterial community structure during upwelling in the 
coastal ocean. Hydrobiologia, 401, 139-148. 
286. Keswani, J., & Whitman, W. B. (2001). Relationship of 16S rRNA 
sequence similarity to DNA hybridization in prokaryotes. Int. J. Syst. Evol. 
Microbiol., 51, 667-578. 
287. Kiene, R. P. (1988). Dimethyl sulfide metabolism in salt marsh sediments. 
FEMS Microbiol. Ecol., 4(2), 71-78. 
288. Kim, D., Cairns, D. M., & Bartholdy, J. (2010a). Environmental controls on 
multiscale spatial patterns of salt marsh vegetation. Phys. Geogr., 31(1), 
58-78. 
289. Kim, J. S., Kim, M. C., Harikrishnan, R., Han, Y. J., & Heo, M. S. (2009). 
Taxonomical characterization and antimicrobial activity of red pigment-
producing marine bacterium strain JE-34. Korean J. Microbiol., 45(4), 
368-376. 
290. Kim, K. K., Lee, J. S., & Stevens, D. A. (2013). Microbiology and 
epidemiology of Halomonas species. Future Microbiol., 8(12), 1559-1573. 
291. Kim, K. K., Lee, K. C., Oh, H. M., & Lee, J. S. (2010b). Halomonas 
stevensii sp. nov., Halomonas hamiltonii sp. nov. and Halomonas 
johnsoniae sp. nov., isolated from a renal care centre. Int. J. Syst. Evol. 
Microbiol., 60(2), 369-377. 
292. Kim, K., Kim, J. J., Masui, R., Kuramitsu, S., & Sung, M. H. (2011). A 
commensal symbiotic interrelationship for the growth of Symbiobacterium 
toebii with its partner bacterium, Geobacillus toebii. BMC Res. Notes, 4, 
437.  
293. Kim, M. S., Roh, S. W., & Bae, J. W. (2010c). Cobetia crustatorum sp. 
nov., a novel slightly halophilic bacterium isolated from traditional 
fermented seafood in Korea. Int. J. Syst. Evol. Microbiol., 60(3), 620-626. 
294. Kim, M., Oh, H. S., Park, S. C., & Chun, J. (2014). Towards a taxonomic 
coherence between average nucleotide identity and 16S rRNA gene 
sequence similarity for species demarcation of prokaryotes. Int. J. Syst. 
Evol. Microbiol., 64(2), 346-351. 
295. Kim, S., Kim, T. K., Jeong, J. H., Yang, C. H., Lee, J. H., Choi, W. Y., Kim, 




soils having different salinity in recently reclaimed saemangeumin region 
of Korea. Korean J. Weed Science, 32(1), 1-9. 
296. Kimura, M. (1980). A simple method for estimating evolutionary rate of 
base substitutions through comparative studies of nucleotide sequences. 
J. Mol. Evol., 16, 111-120. 
297. King, G. M., Klug, M. J., Wiegert, R. G., & Chalmers, A. G. (1982). Relation 
of soil water movement and sulfide concentration to Spartina alterniflora 
production in a Georgia salt marsh. Science, 218(4567), 61-63. 
298. Kirkman, L. K., Mitchell, R. J., Helton, R. C., & Drew, M. B. (2001). 
Productivity and species richness across an environmental gradient in a 
fire-dependent ecosystem. Am. J. Bot., 88(11), 2119-2128.  
299. Klassen, J. L., & Currie, C. R. (2012). Gene fragmentation in bacterial draft 
genomes: extent, consequences and mitigation. BMC Genom., 13(1), 14. 
300. Klimke, W., O’Donovan, C., White, O., Brister, J. R., Clark, K., Fedorov, 
B., Mizrachi, I., Pruitt, K. D., & Tatusova, T. (2011). Solving the problem: 
genome annotation standards before the data deluge. Stand. Genomic 
Sci., 5(1), 168-193.   
301. Kobayashi, T., Imada, C., Hiraishi, A., Tsujibo, H., Miyamoto, K., Inamori, 
Y., Hamada, N., & Watanabe, E. (2003). Pseudoalteromonas 
sagamiensis sp. nov., a marine bacterium that produces protease 
inhibitors. Int. J. Syst. Evol. Microbiol., 53(6), 1807-1811. 
302. Koizumi, Y., Takii, S., Nishino, M., & Nakajima, T. (2003). Vertical 
distributions of sulfate-reducing bacteria and methane-producing archaea 
quantified by oligonucleotide probe hybridization in the profundal 
sediment of a mesotrophic lake. FEMS Microbiol. Ecol., 44(1), 101-108. 
303. Komagata, K., & Suzuki, K. I. (1988). Lipid and cell-wall analysis in 
bacterial systematics. In Current Methods for Classification and 
Identification of Microorganisms. Methods Microbiol., 19, 161-207.  
304. Konneke, M., Bernhard, A. E., de la Torre, J. R., Walker, C. B., Waterbury, 
J. B., & Stahl, D. A. (2005). Isolation of an autotrophic ammonia-oxidizing 
marine archaeon. Nature, 437, 543-546. 
305. Konstantinidis, K. T., & Tiedje, J. M. (2005). Genomic insights that 
advance the species definition for prokaryotes. Proc. Natl. Acad. Sci. 




306. Köpke, B., Wilms, R., Engelen, B., Cypionka, H., & Sass, H. (2005). 
Microbial diversity in coastal subsurface sediments: a cultivation approach 
using various electron acceptors and substrate gradients. Appl. Environ. 
Microbiol., 71(12), 7819-7830. 
307. Koren, S., Schatz, M. C., Walenz, B. P., Martin, J., Howard, J. T., 
Ganapathy, G., Wang, Z., Rasko, D. A., McCombie, W. R., Jarvis, E. D., 
& Phillippy, A. M. (2012). Hybrid error correction and de novo assembly 
of single-molecule sequencing reads. Nat. Biotechnol., 30(7), 693-700. 
308. Kuehbacher, T., Rehman, A., Lepage, P., Hellmig, S., Fölsch, U. R., 
Schreiber, S., & Ott, S. J. (2008). Intestinal TM7 bacterial phylogenies in 
active inflammatory bowel disease. J. Med. Microbiol., 57(12), 1569-1576. 
309. Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular 
evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. 
Evol., 33, 1870-1874. 
310. Lam, K. S. (2006). Discovery of novel metabolites from marine 
actinomycetes. Curr. Opin. Microbiol., 9(3), 245-251. 
311. Langerhuus, A. T., Røy, H., Lever, M. A., Morono, Y., Inagaki, F., 
Jørgensen, B. B., & Lomstein, B. A. (2012). Endospore abundance and 
D: L-amino acid modeling of bacterial turnover in holocene marine 
sediment (Aarhus Bay). Geochim. Cosmochim. Acta., 99, 87-99. 
312. Lasco, R. D. (1997). Management of Philippine tropical forests: 
Implications to global warming. Conference: 8. global warming 
international conference and expo, New York, NY (United States), 25-28. 
313. Lathwal, P., Nehra, K., Singh, M., Jamdagni, P., & Rana, J. S. (2015). 
Optimization of culture parameters for maximum polyhydroxybutyrate 
production by selected bacterial strains isolated from rhizospheric soils. 
Pol. J. Microbiol., 64(3), 227-239. 
314. Lau, S. C., Tsoi, M. M., Li, X., Dobretsov, S., Plakhotnikova, Y., Wong, P. 
K., & Qian, P. Y. (2005). Pseudoalteromonas spongiae sp. nov., a novel 
member of the γ-Proteobacteria isolated from the sponge Mycale 
adhaerens in Hong Kong waters. Int. J. Syst. Evol. Microbiol., 55(4), 1593-
1596. 
315. Lee, I., Kim, Y. O., Park, S. C., & Chun, J. (2016). OrthoANI: an improved 
algorithm and software for calculating average nucleotide identity. Int. J. 




316. Lee, J. C., Jeon, C. O., Lim, J. M., Lee, S. M., Lee, J. M., Song, S. M., 
Park, D. J., Li, W. J., & Kim, C. J. (2005). Halomonas taeanensis sp. nov., 
a novel moderately halophilic bacterium isolated from a solar saltern in 
Korea. Int. J. Syst. Evol. Microbiol., 55(5), 2027-2032. 
317. Lee, J. S., Kim, Y. S., Park, S., Kim, J., Kang, S. J., Lee, M. H., Ryu, S., 
Choi, J. M., Oh, T. K., & Yoon, J. H. (2011). Exceptional production of both 
prodigiosin and cycloprodigiosin as major metabolic constituents by a 
novel marine bacterium, Zooshikella rubidus S1-1. Appl. Environ. 
Microbiol., 77(14), 4967-4973. 
318. Leeds, M. (2016). Fingringhoe Managed Realignment. Case study 52. 
319. León, M. J, Sánchez-Porro, C., Rafael, R., Llamas, I., & Ventosa, A. 
(2014). Larsenia salina gen. nov., sp. nov., a new member of the family 
Halomonadaceae based on multilocus sequence analysis. Syst. Appl. 
Microbiol., 37 (7), 480-487. 
320. Lewis, K., Epstein, S., D’Onofrio, A., & Ling, L. L. (2010). Uncultured 
microorganisms as a source of secondary metabolites. J. Antibiot., 63, 
468-476.  
321. Li, S., & Pennings, S. C. (2016). Disturbance in Georgia salt marshes: 
variation across space and time. Ecosphere, 7(10), e01487. 
322. Li, Y. H., & Tian, X. (2012). Quorum sensing and bacterial social 
interactions in biofilms. Sensors, 12(3), 2519-2538. 
323. Li, Y., & Wang, G. (2016). Strategies of isoprenoids production in 
engineered bacteria. J. Appl. Microbiol., 121(4), 932-940.   
324. Lima, M. A., Urbieta, M. S., & Donati, E. (2019). Arsenic‐tolerant microbial 
consortia from sediments of Copahue geothermal system with potential 
applications in bioremediation. J. Basic Microbiol., 59(7), 680-691. 
325. Liu, Y., Li, J., Du, J., Hu, M., Bai, H., Qi, J., Gao, C., Wei, T., Su, H., Jin, 
J., & Gao, P. (2011). Accurate assessment of antibiotic susceptibility and 
screening resistant strains of a bacterial population by linear gradient 
plate. Sci. China Life Sci., 54(10), 953-960.  
326. Livesley, S. J., & Andrusiak, S. M. (2012). Temperate mangrove and salt 
marsh sediments are a small methane and nitrous oxide source but 
important carbon store. Estuar. Coast. Shelf. Sci., 97, 19-27. 
327. Llobet-Brossa, E., Rosselló-Mora, R., & Amann, R. (1998). Microbial 




fluorescence in situ hybridization. Appl. Environ. Microbiol., 64(7), 2691-
2696. 
328. Loew, O. (1900). A new enzyme of general occurrence in organismis. 
Science., 11, 701-702. 
329. Logan, N. A., & Berkeley, R. C. W. (1984). Identification of Bacillus strains 
using the API system. Microbiology, 130(7), 1871-1882. 
330. Lomstein, B. A., Langerhuus, A. T., D’Hondt, S., Jørgensen, B. B., & 
Spivack, A. J. (2012). Endospore abundance, microbial growth and 
necromass turnover in deep sub-seafloor sediment. Nature, 484(7392), 
101-104. 
331. Lorenz, P., & Eck, J. (2005). Metagenomics and industrial applications. 
Nat. Rev. Microbiol., 3(6), 510-516. 
332. LPSN (n.d.). Genus Halomonas, LPSN, viewed Jun. 2020, 
<https://lpsn.dsmz.de/genus/Halomonas>. 
333. Ludwig, W., & Klenk, H. P. (2001). Overview: A Phylogenetic Backbone 
and Taxonomic Framework for Prokaryotic Systematics. In Boone, D.R., 
Castenholz, R. W., Garrity, G. M. (eds.) Bergey’s Manual® of Systematic 
Bacteriology. Springer, New York, NY. 
334. Ludwig, W., & Schleifer, K. H. (1994). Bacterial phylogeny based on 16S 
and 23S rRNA sequence analysis. FEMS Microbiol. Rev. 15, 155-173. 
335. Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, 
Buchner, A., Lai, T., Steppi, S., Jobb, G., & Förster, W. (2004). ARB: a 
software environment for sequence data. Nucleic Acids Res., 32(4), 1363-
1371. 
336. Lydell, C., Dowell, L., Sikaroodi, M., Gillevet, P., & Emerson, D. (2004). A 
population survey of members of the phylum Bacteroidetes isolated from 
salt marsh sediments along the East Coast of the United States. Microb. 
Ecol. 48(2), 263-273. 
337. Lyman, J., & Fleming, R. H. (1940). Composition of sea water. J. Mar. 
Res., 3(2), 134-146. 
338. Lyons, M. G. (1997). The dynamics of suspended sediment transport in 
the Ribble Estuary. Water Air Soil Pollut., 99(1-4), 141-148. 
339. MacDonald, M. A., de Ruyck, C., Field, R. H., Bedford, A., & Bradbury, R. 




from ecosystem service assessments in two UK regions. Estuar. Coast. 
Shelf. Sci., 244, 105609. 
340. MacLeod, R. A. (1968). On the role of inorganic ions in the physiology of 
marine Bacteria, In Droop, M. R. (ed.) Advances in microbiology of the 
sea, 1, 95-126. 
341. Madrid, V. M., Taylor, G. T., Scranton, M. I., & Chistoserdov, A. Y. (2001). 
Phylogenetic diversity of bacterial and archaeal communities in the anoxic 
zone of the Cariaco Basin. Appl. Environ. Microbiol., 67, 1663-1674. 
342. Maeda, M., Nogami, K., Kanematsu, M., & Hirayama, K. (1997) The 
concept of biological control methods in aquaculture. Hydrobiologia, 358, 
285-290. 
343. Mamas, C. J. V., Earwaker, L. G., Sokhi, R. S., Randle, K., Beresford-
Hartwell, P. R., & West, J. R. (1995). An estimation of sedimentation rates 
along the Ribble Estuary, Lancashire, UK, based on radiocaesium profiles 
preserved in intertidal sediments. Environ. Int., 21(2), 151-165. 
344. Martínez-Cánovas, M. J., Quesada, E., Llamas, I., & Bejar, V. (2004). 
Halomonas ventosae sp. nov., a moderately halophilic, denitrifying, 
exopolysaccharide-producing bacterium. Int. J. Syst. Evol. 
Microbiol., 54(3), 733-737. 
345. Martins, V. C. M. (2011). Comunidade bacteriana endofítica cultivável de 
Halimione portulacoides. master’s dissertation thesis, Universidade de 
Aveiro, Aveiro, Portugal. Retrieved from department of biology, 
Universidade de Aveiro institutional repository, 
http://hdl.handle.net/10773/7377. 
346. Marton, J. M., Roberts B. J., Bernhard, A. E., & Giblin, A. E. (2015). Spatial 
and temporal variability of nitrification potential and ammonia-oxidizer 
abundances in Louisiana salt marshes. Estuaries Coast, 38 (6), 1824-
1837. 
347. Mata, J. A., Martínez-Cánovas, J., Quesada, E., & Béjar, V. (2002). A 
detailed phenotypic characterisation of the type strains of Halomonas 
species. Syst. Appl. Microbiol., 25(3), 360-375. 
348. Matsuyama, H., Sawazaki, K., Minami, H., Kasahara, H., Horikawa, K., & 
Yumoto, I. (2014). Pseudoalteromonas shioyasakiensis sp. nov., a marine 





349. McGenity, T. J. (2014). Hydrocarbon biodegradation in intertidal wetland 
sediments. Curr. Opin. Biotechnol., 27, 46-54. 
350. McKew, B. A., Coulon, F., Osborn, A. M., Timmis, K. N., & McGenity, T. 
J. (2007). Determining the identity and roles of oil‐metabolizing marine 
bacteria from the Thames estuary, UK. Environ. Microbiol., 9(1), 165-176. 
351. McKew, B. A., Dumbrell, A. J., Taylor, J. D., McGenity, T. J., & 
Underwood, G. J. (2013). Differences between aerobic and anaerobic 
degradation of microphytobenthic biofilm-derived organic matter within 
intertidal sediments. FEMS Microbiol. Ecol., 84(3), 495-509. 
352. McKew, B. A., Taylor, J. D., McGenity, T. J., & Underwood, G. J. (2011). 
Resistance and resilience of benthic biofilm communities from a 
temperate saltmarsh to desiccation and rewetting. ISME J., 5(1), 30-41. 
353. Meehan, B. M., Baughn, A. D., Gallegos, R., & Malamy, M. H. (2012). 
Inactivation of a single gene enables microaerobic growth of the obligate 
anaerobe Bacteroides fragilis. Proc. Natl. Acad. Sci., 109(30), 12153-
12158. 
354. Mehta, S., & Nautiyal, C. S. (2001). An efficient method for qualitative 
screening of phosphate solubilizing bacteria. Curr. Microbiol., 43, 51-56.  
355. Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P., & Göker, M. (2013a) 
Genome sequence-based species delimitation with confidence intervals 
and improved distance functions. BMC Bioinform., 14(60), 1-14. 
356. Meier-Kolthoff, J. P., Göker, M., Spröer, C., & Klenk, H. P. (2013b). When 
should a DDH experiment be mandatory in microbial taxonomy? Arch. 
Microbiol., 195(6), 413-418. 
357. Mellado, E., Moore, E. R., Nieto, J. J., & Ventosa, A. (1995). Phylogenetic 
inferences and taxonomic consequences of 16S ribosomal DNA 
sequence comparison of Chromohalobacter marismortui, Volcaniella 
eurihalina, and Deleya salina and reclassification of V. eurihalina as 
Halomonas eurihalina comb. nov. Int. J. Syst. Bacteriol., 45, 712-716. 
358. Mellado, E., Sánchez-Porro, C., Martín, S., & Ventosa, A. (2004). 
Extracellular hydrolytic enzymes produced by moderately halophilic 
bacteria. In Halophilic microorganisms. Springer, Berlin, Heidelberg, 285-
295. 
359. Meskhidze, N., & Nenes, A. (2006). Phytoplankton and cloudiness in the 




360. Mestan, K. K., Ilkhanoff, L., Mouli, S., & Lin, S. (2011). Genomic 
sequencing in clinical trials. J. Transl. Med., 9(1), 222. 
361. Met office (n.d.). UK climate averages viewed Dec. 2020, 
<https://www.metoffice.gov.uk/research/climate/maps-and-data/uk-
climate-averages>. 
362. Millennium Ecosystem Assessment. (2005). Ecosystems and human well-
being: Biodiversity synthesis. World Resources Institute, Washington, DC, 
USA. 
363. Miyamoto, M., Motooka, D., Gotoh, K., Imai, T., Yoshitake, K., Goto, N., 
Iida, T., Yasunaga, T., Horii, T., Arakawa, K., & Kasahara, M. (2014). 
Performance comparison of second-and third-generation sequencers 
using a bacterial genome with two chromosomes. BMC Genom., 15(1), 
699. 
364. Moin, N. S., Nelson, K. A., Bush, A., & Bernhard, A. E. (2009). Distribution 
and diversity of archaeal and bacterial ammonia oxidizers in salt marsh 
sediments. Appl. Environ. Microbiol., 75(23), 7461-7468. 
365. Montaner, B., & Prez-Toms, R. (2003). The prodigiosins: a new family of 
anticancer drugs. Curr. cancer drug targets, 3(1), 57-65. 
366. Moralcoral (n.d.). Fingringhoe Wick, Moralcoral, viewed May 2020, 
<https://moralcoral.files.wordpress.com/2011/04/dsc_0014.jpg>. 
367. Morgan, P. A., Burdick, D. M., & Short, F. T. (2009). The functions and 
values of fringing salt marshes in northern New England, USA. Estuaries 
and Coasts, 32(3), 483-495.   
368. Mormile, M. R., Romine, M. F., Garcia, M. T., Ventosa, A., Bailey, T. J., & 
Peyton, B. M. (1999). Halomonas campisalis sp. nov., a denitrifying, 
moderately haloalkaliphilic bacterium. Syst. Appl. Microbiol., 22, 551-558. 
369. Mossman, H. L., Davy, A. J., & Grant, A. (2012). Does managed coastal 
realignment create salt marshes with ‘equivalent biological characteristics’ 
to natural reference sites? J. Appl. Ecol. 49, 1446-1456. 
370. Mukherjee, S., Stamatis, D., Bertsch, J., Ovchinnikova, G., Katta, H. Y., 
Mojica, A., Chen, I. M. A., Kyrpides, N. C., & Reddy, T. B. K. (2019). 
Genomes OnLine database (GOLD) v. 7: updates and new features. 




371. Munson, M. A., Nedwell, D. B., & Embley, T. M. (1997). Phylogenetic 
diversity of Archaea in sediment samples from a coastal salt marsh. Appl. 
Environ. Microbiol., 63(12), 4729-4733. 
372. Mußmann, M., Ishii, K., Rabus, R., & Amann, R. (2005). Diversity and 
vertical distribution of cultured and uncultured Deltaproteobacteria in an 
intertidal mud flat of the Wadden Sea. Environ. Microbiol., 7, 405-418. 
373. Mydel, P., Takahashi, Y., Yumoto, H., Sztukowska, M., Kubica, M., 
Gibson III, F. C., Kurtz Jr, D. M., Travis, J., Collins, L. V., Nguyen, K. A., 
& Genco, C. A. (2006). Roles of the host oxidative immune response and 
bacterial antioxidant rubrerythrin during Porphyromonas gingivalis 
infection. Plos Pathog., 2(7), e76, 712-725.   
374. Namba, M., Hashimoto, M., Ito, M., Momota, K., Smith, C., Yorisue, T., & 
Nakaoka, M. (2020). The effect of environmental gradient on biodiversity 
and similarity of invertebrate communities in eelgrass (Zostera marina) 
beds. Ecol. Res., 35(1), 61-75. 
375. National Center for Biotechnology Information (NCBI), U.S. National 
Library of Medicine (n.d.). Microbial nucleotide BLAST, NCBI, U.S. 
National Library of Medicine, viewed Jun. 2020, 
<https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BL
AST_SPEC=MicrobialGenomes>. 
376. Natural Heritage and Endangered Species programs (2016). Brackish 







377. Nature England (n.d. (b)). Designated sites view, Colne Estuary SSSI - 14 
- Fingringhoe marsh, Geedon saltings & creeks (014), Nature England, 







378. Nature England (n.d.(a)). Designated sites view, Ribble Estuary SSSI – 




379. Navarro-Torre, S., Mateos-Naranjo, E., Caviedes, M. A., Pajuelo, E., & 
Rodríguez-Llorente, I. D. (2016). Isolation of plant-growth-promoting and 
metal-resistant cultivable bacteria from Arthrocnemum macrostachyum in 
the Odiel marshes with potential use in phytoremediation. Mar. Pollut. 
Bull., 110(1), 133-142. 
380. Nelson, K. A., Moin, N. S., & Bernhard, A. E. (2009). Archaeal diversity 
and the prevalence of Crenarchaeota in salt marsh sediments. Appl. 
Environ. Microbiol., 75(12), 4211-4215. 
381. Nielsen, M. M., Manns, D., D'Este, M., Krause-Jensen, D., Rasmussen, 
M. B., Larsen, M. M., Alvarado-Morales, M., Angelidaki, I., & Bruhn, A. 
(2016). Variation in biochemical composition of Saccharina latissima and 
Laminaria digitata along an estuarine salinity gradient in inner Danish 
waters. Algal Res., 13, 235-245. 
382. Nimnoi, P., & Pongsilp, N. (2020). Marine bacterial communities in the 
upper gulf of Thailand assessed by Illumina next-generation sequencing 
platform. BMC Microbiol., 20, 19. 
383. Ntougias, S., Zervakis, G. I., & Fasseas, C. (2007). Halotalea alkalilenta 
gen. nov., sp. nov., a novel osmotolerant and alkalitolerant bacterium from 
alkaline olive mill wastes, and emended description of the family 
Halomonadaceae Franzmann et al. 1989, emend. Dobson and 
Franzmann 1996. Int. J. Syst. Evol. Microbiol., 57, 1975-1983. 
384. Oaten, J., Brooks, A., & Frost, N. (2018). Coastal squeeze evidence and 
monitoring requirement review. NRW Report, Natural Resources Wales, 
Cardiff, 307, 188. 
385.  Okamoto, T., Maruyama, A., Imura, S., Takeyama, H., & Naganuma, T. 
(2004). Comparative phylogenetic analyses of Halomonas variabilis and 
related organisms based on 16S rRNA, gyrB and ectBC gene sequences. 
Syst. Appl. Microbiol., 27, 323-333. 
386. Okamoto, T., Taguchi, H., Nakamura, K., Ikenaga, H., Kuraishi, H., & 




ethanol-fermenting peritrichous bacterium isolated from palm sap. Arch. 
Microbiol., 160(5), 333-337. 
387. Olapade, O. A. (2020). Bacterial Community composition and diversity 
along the southern coastlines of the Atlantic ocean in Cape Town, South 
Africa. Afr. J. Microbiol. Res., 14(9), 471-480. 
388. Oliveira, V., Gomes, N. C. M., Cleary, D. F. R., Almeida, A., Silva, A. M. 
S., Simoes, M. M. Q., Silva, H., & Cunha, A. (2014). Halophyte plant 
colonization as a driver of the composition of bacterial communities in salt 
marshes chronically exposed to oil hydrocarbons. FEMS Microbiol. Ecol., 
647-662. 
389. Oliveira, V., Santos, A. L., Aguiar, C., Santos, L., Salvador, Â. C., Gomes, 
N. C., Silva, H., Rocha, S. M., Almeida, A., & Cunha, Â. (2012). 
Prokaryotes in salt marsh sediments of Ria de Aveiro: effects of halophyte 
vegetation on abundance and diversity. Estuar. Coast. Shelf. Sci., 110, 
61-68. 
390. Oremland, R. S., & Taylor, B. F. (1978). Sulfate reduction and 
methanogenesis in marine sediments. Geochim. Cosmochim. Acta., 
42(2), 209-214. 
391. Oren, A. (2004). Prokaryote diversity and taxonomy: current status and 
future challenges. Philos. Trans. R. Soc. Lond. B. Biol. Sci., 359(1444), 
623-638.  
392. Oren, A., Ginzburg, M., Ginzburg, B. Z., Hochstein, L. I., & Volcani, B. E. 
(1990). Haloarcula marismortui (Volcani) sp. nov., nom. rev., an extremely 
halophilic bacterium from the Dead Sea. Int. J. Syst. Evol. Microbiol., 
40(2), 209-210.  
393. Ortiz, D. I. B., Thalasso, F., Lopez, F. de M. C., & Texier, C. (2013). 
Inhibitory effect of sulfide on the nitrifying respiratory process inhibitory 
effect of sulfide on the nitrifying respiratory process. J. Chem. Technol. 
Biotechnol, 88(7), 1344-1349. 
394. Oueriaghli, N., González-Domenech, C. M., Martínez-Checa, F., Muyzer, 
G., Ventosa, A., Quesada, E., & Béjar, V. (2014). Diversity and distribution 
of Halomonas in Rambla Salada, a hypersaline environment in the 




395. Overbeek, R., Bartels, D., Vonstein, V., & Meyer, F. (2007). Annotation of 
bacterial and archaeal genomes: improving accuracy and consistency. 
Chem. Rev., 107(8), 3431-3447.   
396. Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., 
Edwards, R. A., Gerdes, S., Parrello, B., Shukla, M., & Vonstein, V. 
(2014). The SEED and the Rapid Annotation of microbial genomes using 
Subsystems Technology (RAST). Nucleic Acids Res., 42(D1), D206-
D214.  
397. Overton, C. T., Takekawa, J. Y., Casazza, M. L., Bui, T. D., Holyoak, M., 
& Strong, D.R. (2015). Sea-level rise and refuge habitats for tidal marsh 
species: Can artificial islands save the California Ridgway's rail? Ecol. 
Eng., 74, 337-344. 
398. Palanichamy, S., & Subramanian, G. (2017). Antifouling properties of 
marine bacteriocin incorporated epoxy based paint. Prog. Org. Coat., 103, 
33-39.  
399. Panagou, E. Z., Skandamis, P. N., & Nychas, G. J. (2005). Use of gradient 
plates to study combined effects of temperature, pH, and NaCl 
concentration on growth of Monascus ruber van Tieghem, an 
Ascomycetes fungus isolated from green table olives. Appl. Environ. 
Microbiol., 71(1), 392-399. 
400. Pandey, A., Jain, R., Sharma, A., Dhakar, K., Kaira, G. S., Rahi, P., 
Dhyani, A., Pandey, N., Adhikari, P., & Shouche, Y. S. (2019). 16S rRNA 
gene sequencing and MALDI-TOF mass spectrometry based comparative 
assessment and bioprospection of psychrotolerant bacteria isolated from 
high altitudes under mountain ecosystem. SN Appl. Sci., 1, 278. 
401. Park, K. S., Ki, C. S., Kang, C. I., Kim, Y. J., Chung, D. R., Peck, K. R., 
Song, J. H., & Lee, N. Y. (2012). Evaluation of the GenBank, EzTaxon, 
and BIBI services for molecular identification of clinical blood culture 
isolates that were unidentifiable or misidentified by conventional methods. 
J. Clin. Microbiol., 50(5),1792-1795. 
402. Park, S., Yoshizawa, S., Hamasaki, K., Kogure, K., & Yokota, A. (2010). 
Psychrosphaera saromensis gen. nov., sp. nov., within the family 
Pseudoalteromonadaceae, isolated from Lake Saroma, Japan. J. Gen. 




403. Park, Y. D., Baik, K. S., Yi, H., Bae, K. S., & Chun, J. (2005). 
Pseudoalteromonas byunsanensis sp. nov., isolated from tidal flat 
sediment in Korea. Int. J. Syst. Evol. Microbiol., 55(6), 2519-2523. 
404. Park, Y. L., Choi, T. R., Han, Y. H., Song, H. S., Park, J. Y., Bhatia, S. K., 
Gurav, R., Choi, K. Y., Kim, Y. G., & Yang, Y. H. (2020). Effects of 
osmolytes on salt resistance of Halomonas socia CKY01 and 
identification of osmolytes-related genes by genome sequencing. J. 
Biotechnol., 322, 21-28. 
405. Parkes, R. J., Brock, F., Banning, N., Hornibrook, E. R. C., Roussel, E. 
G., Weightman, A. J., & Fry, J. C. (2012). Changes in methanogenic 
substrate utilization and communities with depth in a salt-marsh, creek 
sediment in southern England. Estuar. Coast. Shelf Sci., 96, 170-178. 
406. Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., & Tyson, G. 
W. (2015). CheckM: assessing the quality of microbial genomes 
recovered from isolates, single cells, and metagenomes. Genome res., 
25(7), 1043-1055.   
407. Parte, A. C. (2018). LPSN - List of Prokaryotic names with Standing in 
Nomenclature (bacterio.net), 20 years on. Int. J. Syst. Evol. Microbiol., 68, 
1825-1829. 
408. Patel, S., & Gupta, R. S. (2020). A phylogenomic and comparative 
genomic framework for resolving the polyphyly of the genus Bacillus: 
Proposal for six new genera of Bacillus species, Peribacillus gen. nov., 
Cytobacillus gen. nov., Mesobacillus gen. nov., Neobacillus gen. nov., 
Metabacillus gen. nov. and Alkalihalobacillus gen. nov. Int. J. Syst. Evol. 
Microbiol., 70(1), 406-438. 
409. Peng, X., Yando, E., Hildebrand, E., Dwyer, C., Kearney, A., Waciega, A., 
Valiela, I., & Bernhard, A. (2013). Differential responses of ammonia-
oxidizing archaea and bacteria to long-term fertilization in a New England 
salt marsh. Front. Microbiol., 3, 445. 
410. Peters, A. C., Thomas, L., & Wimpenny, J. W. T. (1991). Effects of salt 
concentration on bacterial growth on plates with gradients of pH and 
temperature. FEMS Microbiol. Lett., 77(2-3), 309-314. 
411. Phelan, N., Shaw, A., & Baylis, A. (2011). The extent of saltmarsh in 




412. Piceno, Y. M., Noble, P. A., & Lovell, C. R. (1999). Spatial and temporal 
assessment of diazotroph assemblage composition in vegetated salt 
marsh sediments using denaturing gradient gel electrophoresis analysis. 
Microb. Ecol., 38(2), 157-167.  
413. Poindexter, J. S. (1981). Oligotrophy. In Advances in microbial ecology. 
Springer, Boston, MA, 5, 63-89. 
414. Poli, A., Nicolaus, B., Denizci, A. A., Yavuzturk, B., & Kazan, D. (2013). 
Halomonas smyrnensis sp. nov., a moderately halophilic, 
exopolysaccharide-producing bacterium. Int. J. Syst. Evol. Microbiol., 
63(1), 10-18. 
415. Poole, R. K. (2020). Flavohaemoglobin: the pre-eminent nitric oxide–
detoxifying machine of microorganisms. F1000Research, 9 (F1000 
Faculty Rev), 7. 
416. Popham, E. J. (1966). The littoral fauna of the Ribble estuary Lancashire, 
England. Oikos, 17, 19-32 
417. Priede, I. G., Solbé, J. D. L., Nott, J. E., O'Grady, K. T., & Cragg‐Hine, D. 
(1988). Behaviour of adult Atlantic salmon, Salmo salar L., in the estuary 
of the River Ribble in relation to variations in dissolved oxygen and tidal 
flow. J. Fish Biol. 33(sA), 133-139. 
418. Purdy, K. J., Embley, T. M., & Nedwell, D. B. (2002a). The distribution and 
activity of sulphate reducing bacteria in estuarine and coastal marine 
sediments. Antonie Van Leeuwenhoek, 81(1-4), 181-187. 
419. Purdy, K. J., Munson, M. A., Nedwell, D. B., & Embley, T. M. (2002b). 
Comparison of the molecular diversity of the methanogenic community at 
the brackish and marine ends of a UK estuary. FEMS Microbiol. Ecol., 
39(1), 17-21. 
420. Qin, Q. L., Li, Y., Zhang, Y. J., Zhou, Z. M., Zhang, W. X., Chen, X. L., 
Zhang, X. Y., Zhou, B. C., Wang, L., & Zhang, Y. Z. (2011). Comparative 
genomics reveals a deep-sea sediment-adapted life style of 
Pseudoalteromonas sp. SM9913. ISME J., 5(2), 274-284. 
421. Quainoo, S., Coolen, J. P., van Hijum, S. A., Huynen, M. A., Melchers, W. 
J., van Schaik, W., & Wertheim, H. F. (2017). Whole-genome sequencing 
of bacterial pathogens: the future of nosocomial outbreak analysis. Clin. 




422. Quesada, E., Béjar, V., Ferrer, M. R., Calvo, C., Llamas, I., Martínez-
Checa, F., Arias, S., Ruiz-García, C., Páez, R., Martínez-Cánovas, M. J., 
& del Moral, A. (2004). Moderately halophilic, exopolysaccharide-
producing bacteria. In Halophilic microorganism. Springer, Berlin, 
Heidelberg, 297-314. 
423. Quesada, E., Ventosa, A., Ruiz-Berraquero, F., & Ramos-Cormenzana, 
A. (1984). Deleya halophila, a new species of moderately halophilic 
bacteria. Int. J. Syst. Evol. Microbiol., 34(3), 287-292. 
424. Raetz, C. R., & Whitfield, C. (2002). Lipopolysaccharide endotoxins. 
Annu. Rev. Biochem., 71(1), 635-700. 
425. Ramasamy, D., Mishra, A. K., Lagier, J. C., Padhmanabhan, R., Rossi, 
M., Sentausa, E., Raoult, D., & Fournier, P. E. (2014). A polyphasic 
strategy incorporating genomic data for the taxonomic description of novel 
bacterial species. Int. J. Syst. Evol. Microbiol., 64(2), 384-391. 
426. Rand, T. A. (2001). Seed dispersal, habitat suitability and the distribution 
of halophytes across a salt marsh tidal gradient. J. Ecol., 88(4), 608-621.  
427. Rao, M. A., Scelza, R., Scotti, R., & Gianfreda, L. (2010). Role of enzymes 
in the remediation of polluted environments. J. Soil Sci. Plant Nutr., 10(3), 
333-353. 
428. Rappé, M. S., & Giovannoni, S. J. (2003). The uncultured microbial 
majority. Annu. Rev. Microbiol., 57(1), 369-394. 
429. RAST (n.d.). RAST, viewed Nov. 2020, <https://rast.nmpdr.org/rast.cgi>. 
430. Raven, J. A., & Scrimgeour, C. M. (1997). The influence of anoxia on 
plants of saline habitats with special reference to the sulphur cycle. Ann. 
Bot., 79, 79-86. 
431. Reasoner, D. J., & Geldreich, E. E. (1985). A new medium for the 
enumeration and subculture of bacteria from potable water. Appl. Environ. 
Microbiol., 49(1), 1-7. 
432. Reed, J. L., Famili, I., Thiele, I., & Palsson, B. O. (2006). Towards 
multidimensional genome annotation. Nat. Rev. Genet., 7(2), 130-141.  
433. Reiner, K. (2010). Catalase test protocol. American society for 
microbiology. 
434. Rey, J. R., Shaffer, J., Kain, T., Stahl, R., & Crossman, R. (1992). Sulfide 
variation in the pore and surface waters of artificial salt-marsh ditches and 




435. Ribble estuary (1984). Ribble estuary, viewed Aug. 2020, 
<http://programmeofficers.co.uk/Preston/CoreDocuments/LCC347.pdf.>. 
436. Richards, G. P., Needleman, D. S., & Watson, M. A. (2017). Complete 
genome sequence of Pseudoalteromonas piscicida strain DE2-B, a 
bacterium with broad inhibitory activity toward human and fish pathogens. 
Genome Announc., 5(33), e00752-17. 
437. Richter, M., & Rosselló-Móra, R. (2009). Shifting the genomic gold 
standard for the prokaryotic species definition. Proc. Natl. Acad. Sci. U. S. 
A., 106(45), 19126-19131.  
438. Ricker, N., Qian, H., & Fulthorpe, R. R. (2012). The limitations of draft 
assemblies for understanding prokaryotic adaptation and evolution. 
Genomics, 100(3), 167-175.  
439. Robertson, L. W., & Hansen, L. G. (Eds.). (2001). PCBs: recent advances 
in environmental toxicology and health effects. University Press of 
Kentucky, Lexington, Kentucky. 
440. Rocha, C. (1998). Rhythmic ammonium regeneration and flushing in 
intertidal sediments of the Sado estuary. Limnol. Oceanogr., 43(5), 823-
831. 
441. Rocha, J., Tacão, M., Fidalgo, C., Alves, A., & Henriques, I. (2016). 
Diversity of endophytic Pseudomonas in Halimione portulacoides from 
metal (loid)-polluted salt marshes. Environ. Sci. Pollut. Res., 23(13), 
13255-13267. 
442. Rojas, R., Miranda, C. D., & Amaro, A. M. (2009). Pathogenicity of a highly 
exopolysaccharide-producing Halomonas strain causing epizootics in 
larval cultures of the Chilean scallop Argopecten purpuratus (Lamarck, 
1819). Microb. Ecol., 57(1), 129-139. 
443. Romano, I., Nicolaus, B., Lama, L., Manca, M. C., & Gambacorta, A. 
(1996). Characterization of a haloalkalophilic strictly aerobic bacterium, 
isolated from Pantelleria island. Syst. Appl. Microbiol., 19, 326-333. 
444. Romero, M., Martin-Cuadrado, A. B., Roca-Rivada, A., Cabello, A. M., & 
Otero, A. (2011). Quorum quenching in cultivable bacteria from dense 
marine coastal microbial communities. FEMS Microbiol. Ecol., 75(2), 205-
217. 
445. Rooney-Varga, J. N., Genthner, B. R. S., Devereux, R., Willis, S. G., 




diversity of sulphate-reducing bacteria isolated from a salt marsh 
sediment. Syst. Appl. Microbiol., 21(4), 557-568. 
446. Rosenberg, E., Delong, E. F., Lory, S., Stackebrandt, E., & Thompson, F. 
L. (eds). (2013). The Prokaryotes: Gammaproteobacteria. Springer. 
447. Rosselló-Móra, R., & Amann, R. (2015). Past and future species 
definitions for Bacteria and Archaea. Syst. Appl. Microbiol., 38(4), 209-
216. 
448. Roumpeka, D. D., Wallace, R. J., Escalettes, F., Fotheringham, I., & 
Watson, M. (2017). A review of bioinformatics tools for bio-prospecting 
from metagenomic sequence data. Front. Genet., 8, 23. 
449. Ruiz-Lozano, J. M., & Azcon, R. (2000). Symbiotic efficiency and 
infectivity of an autochthonous arbuscular mycorrhizal Glomus sp. from 
saline soils and Glomus deserticola under salinity. Mycorrhiza. 10(3), 137-
143. 
450. Rysgaard, S., Thastum, P., Dalsgaard, T., Christensen, P. B., & Sloth, N. 
P. (1999). Effects of salinity on NH4+ adsorption capacity, nitrification, and 
denitrification in Danish estuarine sediments. Estuaries, 22, 21-30. 
451. Sahan, E., & Muyzer, G. (2008). Diversity and spatio-temporal distribution 
of ammonia-oxidizing Archaea and Bacteria in sediments of the 
Westerschelde estuary. FEMS Microbiol. Ecol., 64(2), 175-186. 
452. Salman, V., Yang, T., Berben, T., Klein, F., Angert, E., & Teske, A. (2015). 
Calcite-accumulating large sulfur bacteria of the genus Achromatium in 
Sippewissett Salt Marsh. ISME J., 9, 2503-2514. 
453. Sanchez -Porro, C., de la Haba, R. R., Soto-Ramirez, N., Marquez, M. C., 
Montalvo-Rodriguez, R., & Ventosa, A. (2009). Description of Kushneria 
aurantia gen. nov., sp. nov., a novel member of the family 
Halomonadaceae, and a proposal for reclassification of Halomonas 
marisflavi as Kushneria marisflavi comb. nov., of Halomonas indalinina as 
Kushneria indalinina comb. nov. and of Halomonas avicenniae as 
Kushneria avicenniae comb. nov. Int. J. Syst. Evol. Microbiol., 59, 397-
405.  
454. Sánchez-Díaz, R., Molina-Garza, Z. J., Cruz-Suárez, L. E., Selvin, J., 
Kiran, G. S., Ibarra-Gámez, J. C., Gómez-Gil, B., & Galaviz-Silva, L. 




36Y_RITHPW, a hypersaline seawater isolate from the south coast of 
Sonora, Mexico. J. Glob. Antimicrob. Resist., 16, 83-86. 
455. Sanchez-Hernandez, J. C. (2011). Pesticide biomarkers in terrestrial 
invertebrates. In, Pesticides in the Modern World-Pests Control and 
Pesticides Exposure and Toxicity Assessment. 213-240. 
456. Sánchez‐Porro, C., Martin, S., Mellado, E., & Ventosa, A. (2003). Diversity 
of moderately halophilic bacteria producing extracellular hydrolytic 
enzymes. J. Appl. Microbiol., 94(2), 295-300. 
457. Sanger, F., Nicklen, S., & Coulson, A. R. (1977). DNA sequencing with 
chain terminating inhibitors. Proc. Natl. Acad. Sci., 74, 5463-5467. 
458. Santoro, A. E., Francis, C. A., De Sieyes, N. R., & Boehm, A. B. (2008). 
Shifts in the relative abundance of ammonia‐oxidizing bacteria and 
archaea across physico-chemical gradients in a subterranean estuary. 
Environ. Microbiol., 10(4), 1068-1079. 
459. Santos, L., Cunha, Â., Silva, H., Caçador, I., Dias, J. M., & Adelaide, A. 
(2007). Influence of salt marsh on bacterial activity in two estuaries with 
different hydrodynamic characteristics (Ria de Aveiro and Tagus Estuary). 
FEMS Microbiol. Ecol., 60(3), 429-441. 
460. Sauret, C., Tedetti, M., Guigue, C., Dumas, C., Lami, R., Pujo-Pay, M., 
Conan, P., Goutx, M., & Ghiglione, J. F. (2016). Influence of PAHs among 
other coastal environmental variables on total and PAH-degrading 
bacterial communities. Environ. Science. Pollution. Research, 23, 4242-
4256. 
461. Sawabe, T., Makino, H., Tatsumi, M., Nakano, K., Tajima, K., Iqbal, M. M., 
Yumoto, I., Ezura, Y., & Christen, R. (1998). Pseudoalteromonas 
bacteriolytica sp. nov., a marine bacterium that is the causative agent of 
red spot disease of Laminaria japonica. Int. J. Syst. Evol. Microbiol., 48(3), 
769-774. 
462. Schallmey, M., Singh, A., & Ward, O. P. (2004). Developments in the use 
of Bacillus species for industrial production. Can. J. Microbiol., 50(1), 1-
17. 
463. Schleifer, K. H. (2004). Microbial diversity: facts, problems and prospects. 
Syst. Appl. Microbiol., 27(1), 3-9.  
464. Schmieder, R., & Edwards, R. (2011). Quality control and preprocessing 




465. Schwibbert, K., Marin‐Sanguino, A., Bagyan, I., Heidrich, G., Lentzen, G., 
Seitz, H., Rampp, M., Schuster, S. C., Klenk, H. P., Pfeiffer, F., & 
Oesterhelt, D. (2011). A blueprint of ectoine metabolism from the genome 
of the industrial producer Halomonas elongata DSM 2581T. Environ. 
Microbiol., 13(8), 1973-1994. 
466. Sebilo, M., Billen, G., Mayer, B., Billiou, D., Grably, M., Garnier, J., & 
Mariotti, A. (2006). Assessing nitrification and denitrification in the Seine 
River and estuary using chemical and isotopic techniques. Ecosystems, 
9, 564-577.  
467. Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. 
Bioinformatics, 30(14), 2068-2069. 
468. Seitzinger, S. P. (1988). Denitrification in fresh-water and coastal marine 
ecosystems: Ecological and geochemical significance. Limnol. 
Oceanogr., 33, 702-724. 
469. Seliskar, D. M., Smart, K. E., Higashikubo, B. T., & Gallagher, J. L. (2004). 
Seedling sulfide sensitivity among plant species colonizing Phragmites-
infested wetlands. Wetlands, 24(2), 426-433. 
470. Senior, E., Lindström, E. B., Banat, I. M., & Nedwell, D. B. (1982). Sulfate 
reduction and methanogenesis in the sediment of a salt marsh on the East 
coast of the United Kingdom. Appl. Environ. Microbiol., 43(5), 987-996. 
471. Seo, J. H., Kang, I., Yang, S. J., & Cho, J. C. (2017). Characterization of 
spatial distribution of the bacterial community in the South Sea of Korea. 
Plos One, 12(3), e0174159. 
472. Sethi, S., Kumar, R., & Gupta, S. (2013). Antibiotic production by microbes 
isolated from soil. Int. J. Pharm. Sci. Res., 4(8), 2967-2973. 
473. Shanks III, W. C., & Bischoff, J. L. (1977). Ore transport and deposition in 
the Red Sea geothermal system: a geochemical model. Geochim. 
Cosmochim. Acta., 41(10), 1507-1519. 
474. Shepard, C. C., Crain, C. M., & Beck, M. l. W. (2011). The Protective role 
of coastal marshes: A systematic review and meta-analysis. Plos One, 
6(11), e27374. 
475. Sheu, S. Y., Xie, P. B., Sheu, C., & Chen, W. M. (2017). Salsuginimonas 
clara gen. nov., sp. nov., a member of the family 
Pseudoalteromonadaceae isolated from a brackish river. Int. J. Syst. Evol. 




476. Shioya, S., & Shimizu, H. (2001). Bacteriocin production process by a 
mixed culture system. In Food Microbiol. Protocols, Humana Press, 395-
411. 
477. Signori, C. N., Thomas, F., Enrich-Prast, A., Pollery, R. C., & Sievert, S. 
M. (2014). Microbial diversity and community structure across 
environmental gradients in Bransfield Strait, Western Antarctic Peninsula. 
Front. Microbiol., 5, 647. 
478. Silver, L. L. (2011). Challenges of antibacterial discovery. Clin. Microbiol. 
Rev., 24, 71-109.  
479. Sims, A., Zhang, Y., Gajaraj, S., Brown, P. B., &, Hu, Z. (2013). Toward 
the development of microbial indicators for wetland assessment. Water 
Res., 47(5), 1711-1725.  
480. Sinicrope, T. L., Hine, P. G., Warren, R. S., & Niering, W. A. (1990). 
Restoration of an impounded salt marsh in New England. Estuaries, 13, 
25-30. 
481. Smith, J. L., Halvorson, J. J., & Bolton, Jr. H. (2002). Soil properties and 
microbial activity across a 500 m elevation gradient in a semi-arid 
environment. Soil Biol. Biochem., 34(11), 1749-1757. 
482. Sneddon, C. R. (2017). The effects of spatio-temporal variation in 
estuarine contamination. PhD thesis, University of Stirling, UK. 
483. Song, J., Oh, H. M., & Cho, J. C.  (2009). Improved culturability of SAR11 
strains in dilution-to-extinction culturing from the East Sea, West Pacific 
Ocean. FEMS Microbiol. Lett., 295(2), 141-147.  
484. Sowers, K. R., Baron, S. F., & Ferry, J. G. (1984). Methanosarcina 
acetivorans sp. nov., an acetotrophic methane-producing bacterium 
isolated from marine sediments. Appl. Environ. Microbiol., 47(5), 971-978. 
485. Spencer, K. L., Cundy, A. B., Davies-Hearn, S., Hughes, R., Turner, S., & 
MacLeod, C. L. (2008). Physicochemical changes in sediments at 
Orplands Farm, Essex, UK following 8 years of managed realignment. 
Estuar. Coast. Shelf Sci., 76, 608-619. 
486. Stackebrandt, E., & Ebers, J. (2006). Taxonomic parameters revisited: 
tarnished gold standards. Microbiol. Today, 33(4), 152-155. 
487. Stackebrandt, E., & Goebel, B. M. (1994). Taxonomic note: a place for 




species definition in bacteriology. Int. J. Syst. Evol. Microbiol., 44(4), 846-
849. 
488. Stal, L. J., & Caumette, P. (eds.). (1994). Microbial mats: structure and 
environmental significance. In Ecological Sciences, Springer Science & 
Business Media, 35. 
489. Stal, L. J., Severin, I., & Bolhuis, H. (2010). The ecology of nitrogen 
fixation in cyanobacterial mats. In Hallenbeck, P. (eds.) Recent Advances 
in Phototrophic Prokaryotes. Advances in Experimental Medicine and 
Biology, Springer, New York, 675, 31-45.   
490. Staley, J. T., & Konopka, A. (1985). Measurement of in situ activities of 
nonphotosynthetic microorganisms in aquatic and terrestrial habitats. 
Annu. Rev. Microbiol., 39(1), 321-346. 
491. Stapleton, C. M., Wyer, M. D., Crowther, J., McDonald, A. T., Kay, D., 
Greaves, J., Wither, A., Watkins, J., Francis, C., Humphrey, N., & 
Bradford, M. (2008). Quantitative catchment profiling to apportion faecal 
indicator organism budgets for the Ribble system, the UK's sentinel 
drainage basin for Water Framework Directive research. J. Environ. 
Manage., 87(4), 535-550. 
492. Steen, A. D., Crits-Christoph, A., Carini, P., DeAngelis, K. M., Fierer, N., 
Lloyd, K. G., & Thrash, J. C. (2019). High proportions of bacteria and 
archaea across most biomes remain uncultured. ISME J., 13(12), 3126-
3130. 
493. Steward, C. A., Parker, A. P., Minassian, B. A., Sisodiya, S. M., Frankish, 
A., & Harrow, J. (2017). Genome annotation for clinical genomic 
diagnostics: strengths and weaknesses. Genome Med., 9(1), 49.  
494. Stewart, E. J. (2012). Growing unculturable bacteria. J. Bacteriol., 
194(16), 4151-4160.  
495. Stothard, P., & Wishart, D. S. (2006). Automated bacterial genome 
analysis and annotation. Curr. Opin. Microbiol., 9(5), 505-510. 
496. Su, H., Liu, S., Hu, X., Xu, X., Xu, W., Xu, Y., Li, Z., Wen, G., Liu, Y., & 
Cao, Y. (2017). Occurrence and temporal variation of antibiotic resistance 
genes (ARGs) in shrimp aquaculture: ARGs dissemination from farming 
source to reared organisms. Sci. Total Environ., 607-608, 357-366. 
497. Subramanian, S., & Smith, D. L. (2015). Bacteriocins from the rhizosphere 




498. Suh, S. S., Park, M., Hwang, J., Kil, E. J., Jung, S. W., Lee, S., & Lee, T. 
K. (2015). Seasonal dynamics of marine microbial community in the South 
Sea of Korea. Plos One, 10, e0131633. 
499. Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., 
Salazar, G., Djahanschiri, B., Zeller, G., Mende, D. R., Alberti, A., & 
Cornejo-Castillo, F. M. (2015). Structure and function of the global ocean 
microbiome. Science, 348(6237), 1261359. 
500. Suzuki, M. T., Rappe, M. S., Haimberger, Z. W., Winfield, H., Adair, N., 
Ströbel, J., & Giovannoni, S. J. (1997). Bacterial diversity among small-
subunit rRNA gene clones and cellular isolates from the same seawater 
sample. Appl. Environ. Microbiol., 63(3), 983-989. 
501. Szybalski, W. (1952). Gradient plate technique for study of bacterial 
resistance. Science, 116, 46-48. 
502. Szybalski, W., & Bryson, V. (1952). Genetic studies on microbial cross 
resistance to toxic agents I., Cross resistance of Escherichia coli to fifteen 
antibiotics. J. Bacteriol., 64(4), 489-499. 
503. Tamaki, H., Hanada, S., Sekiguchi, Y., Tanaka, Y., & Kamagata, Y. 
(2009). Effect of gelling agent on colony formation in solid cultivation of 
microbial community in lake sediment. Environ. Microbiol., 11(7), 1827-
1834. 
504. Tanaka, T., Kawasaki, K., Daimon, S., Kitagawa, W., Yamamoto, K., 
Tamaki, H., Tanaka, M., Nakatsu, C. H., & Kamagata, Y. (2014). A hidden 
pitfall in the preparation of agar media undermines microorganism 
cultivability. Appl. Environ. Microbiol., 80(24), 7659-7666.  
505. Tang, K., Zhang, Y., Lin, D., Han, Y., Chen, C. T. A., Wang, D., Lin, Y. S., 
Sun, J., Zheng, Q., & Jiao, N. (2018). Cultivation-independent and 
cultivation-dependent analysis of microbes in the shallow-sea 
hydrothermal system off Kueishantao Island, Taiwan: unmasking 
heterotrophic bacterial diversity and functional capacity. Front. Microbiol., 
9, 279. 
506. Tang, Y. P., Dallas, M. M., & Malamy, M. H. (1999). Characterization of 
the Batl (Bacteroides aerotolerance) operon in Bacteroides fragilis: 
Isolation of a B. fragilis mutant with reduced aerotolerance and impaired 




507. Tanizawa, Y., Fujisawa, T., & Nakamura, Y. (2018). DFAST: a flexible 
prokaryotic genome annotation pipeline for faster genome publication. 
Bioinformatics, 34(6), 1037-1039.  
508. Tardella, F. M., Piermarteri, K., Malatesta, L., & Catorci, A. (2016). 
Environmental gradients and grassland trait variation: Insight into the 
effects of climate change. Acta Oecol., 76, 47-60.  
509. Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Ciufo, S., & Li, 
W. (2013). Prokaryotic genome annotation pipeline. In The NCBI 
Handbook (Internet), 2nd edn., National Center for Biotechnology 
Information (US), Bethesda (MD).  
510. Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P., 
Zaslavsky, L., Lomsadze, A., Pruitt, K. D., Borodovsky, M., & Ostell, J. 
(2016). NCBI prokaryotic genome annotation pipeline. Nucleic Acids Res., 
44(14), 6614-6624. 
511. Taylor, J. D., McKew, B. A., Kuhl, A., McGenity, T. J., & Underwood, G. J. 
(2013). Microphytobenthic extracellular polymeric substances (EPS) in 
intertidal sediments fuel both generalist and specialist EPS‐degrading 
bacteria. Limnol. Oceanogr., 58(4), 1463-1480. 
512. The Royal Society for the Protection of Birds (n.d.). Marshside, The Royal 
Society for the Protection of Birds, viewed Jun. 2020, < 
https://www.rspb.org.uk/reserves-and-events/reserves-a-z/marshside/>. 
513. Thomas, F., Hehemann, J. H., Rebuffet, E., Czjzek, M., & Michel, G. 
(2011). Environmental and gut bacteroidetes: the food connection. Front. 
Microbiol., 2, 93. 
514. Thomas, L. V., & Wimpenny, J. W. (1993). Method for investigation of 
competition between bacteria as a function of three environmental factors 
varied simultaneously. Appl. Environ. Microbiol., 59(6), 1991-1997. 
515. Thomas, L. V., & Wimpenny, J. W. (1996a). Investigation of the effect of 
combined variations in temperature, pH, and NaCl concentration on nisin 
inhibition of Listeria monocytogenes and Staphylococcus aureus. Appl. 
Environ. Microbiol., 62(6), 2006-2012. 
516. Thomas, L. V., & Wimpenny, J. W. T. (1996b). Competition between 
Salmonella and Pseudomonas species growing in and on agar, as 
affected by pH, sodium chloride concentration and temperature. Int. J. 




517. Thomas, L. V., Wimpenny, J. W., & Davis, J. G. (1993). Effect of three 
preservatives on the growth of Bacillus cereus, Vero cytotoxigenic 
Escherichia coli and Staphylococcus aureus, on plates with gradients of 
pH and sodium chloride concentration. Int. J. Food Microbiol., 17(4), 289-
301.  
518. Thompson, C. C., Amaral, G. R., Campeão, M., Edwards, R. A., Polz, M. 
F., Dutilh, B. E., Ussery, D. W., Sawabe, T., Swings, J., & Thompson, F. 
L. (2015). Microbial taxonomy in the post-genomic era: rebuilding from 
scratch? Arch. Microbiol., 197(3), 359-370. 
519. Thompson, C. C., Chimetto, L., Edwards, R. A., Swings, J., Stackebrandt, 
E., & Thompson, F. L. (2013). Microbial genomic taxonomy. BMC 
Genom., 14(1), 1-8.  
520. Thompson, P. S., McCarty, C., & Hale, W. G. (1990). Growth and 
development of Redshank Tringa totanus chicks on the Ribble 
saltmarshes, NW England. Ringing Migr., 11(1), 57-64. 
521. Thompson, S., Reid, C. Y., & Boyes, S. (2011). Essex Coastal SSSIs – 
Assessment of changes in extent of saltmarsh over the period 1997 to 
2008, vol. 1. Report to Natural England: ZBB745-F-2011. Hull, Institute of 
Estuarine and Coastal Studies, University of Hull. 
522. Tindall, B. J. (1990a). A comparative study of the lipid composition of 
Halobacterium saccharovorum from various sources. Syst. Appl. 
Microbiol., 13, 128-130. 
523. Tindall, B. J. (1990b). Lipid composition of Halobacterium lacusprofundi. 
FEMS Microbiol. Lett., 66, 199-202. 
524. Tindall, B. J., Rossello-Mora, R., Busse, H. J., Ludwig, W., & Kämpfer, P. 
(2010). Notes on the characterization of prokaryote strains for taxonomic 
purposes. Int. J. Syst. Evol. Microbiol., 60, 249-266.  
525. Tindall, B. J., Sikorski, J., Smibert, R. M., & Kreig, N. R. (2007). 
Phenotypic characterization and the principles of comparative 
systematics. In Methods for General and Molecular Microbiology, 3rd edn. 
330-393. 
526. Tripathi, A. K., Nagarajan, T., Verma, S. C., & Le Rudulier, D. (2002). 
Inhibition of biosynthesis and activity of nitrogenase in Azospirillum 




527. Tripathi, L., Twigg, M. S., Zompra, A., Salek, K., Irorere, V. U., Gutierrez, 
T., Spyroulias, G. A., Marchant, R., & Banat, I. M. (2019). Biosynthesis of 
rhamnolipid by a Marinobacter species expands the paradigm of 
biosurfactant synthesis to a new genus of the marine microflora. Microb. 
Cell Fact., 18(1), 164. 
528. Tutar, Y. (2012). Pseudogenes. Comp. Funct. Genomics., 2012 (1), 
424526, 1-4. 
529. Uchida, M., Nakata, K., & Maeda, M. (1997). Conversion of Ulva fronds to 
a hatchery diet for Artemia nauplii utilizing the degrading and attaching 
abilities of Pseudoalteromonas espejiana. J. Appl. Phycol., 9(6), 541-549. 
530. Upadhyay, S. K., Singh, J. S., & Singh, D. P. (2011). Exopolysaccharide-
producing plant growth-promoting Rhizobacteria under salinity condition. 
Pedosphere, 21(2), 214-222. 
531. Vaattovaara, A., Leppälä, J., Salojärvi, J., & Wrzaczek, M. (2019). High-
throughput sequencing data and the impact of plant gene annotation 
quality. J. Exp. Bot., 70(4), 1069-1076.   
532. Valderrama, M. J., Quesada, E., Bejar, V., Ventosa, A., Gutierrez, M. C., 
Ruiz-Berraquero, F., & Ramos-Cormenzana, A. (1991). Deleya salina sp. 
nov., a moderately halophilic Gram-negative bacterium. Int. J. Syst. Evol. 
Microbiol., 41(3), 377-384. 
533. Valiela, I. (1995). The carbon cycle: production and transformations of 
organic matter. In Marine ecological processes. Springer, New York. 
534. Valiela, I., & Teal, J. M. (1979). The nitrogen budget of a salt marsh 
ecosystem. Nature, 280(5724), 652-656. 
535. Van Belkum, A., Struelens, M., de Visser, A., Verbrugh, H., & Tibayrenc, 
M. (2001). Role of genomic typing in taxonomy, evolutionary genetics, and 
microbial epidemiology. Clin. Microbiol. Rev., 14(3), 547-560. 
536. van Eerdt, M. M. (1985). The influence of vegetation on erosion and 
accretion in salt marshes of the Oosterschelde, the Netherlands. 
Vegetation, 62, 367-374. 
537. van Gemerden, H. (1993). Microbial mats: a joint venture. Marine 
Geology, 113(1-2), 3-25. 
538. Varghese, N. J., Mukherjee, S., Ivanova, N., Konstantinidis, K. T., 




delineation using whole genome sequences. Nucleic Acids Res., 43(14), 
6761-6771. 
539. Vartoukian, S. R., Palmer, R. M., & Wade, W. G. (2010). Strategies for 
culture of ‘unculturable’ bacteria. FEMS Microbiol. Lett., 309 (1), 1-7.  
540. Venables, W. A., Wimpenny, J. W. T., Ayres, A., Cook, S. M., & Thomas, 
L. V. (1995). The use of two-dimensional gradient plates to investigate the 
range of conditions under which conjugal plasmid transfer occurs. 
Microbiology, 141(10), 2713-2718.  
541. Venkateswaran, K., & Dohmoto, N. (2000). Pseudoalteromonas 
peptidolytica sp. nov., a novel marine mussel-thread-degrading bacterium 
isolated from the Sea of Japan. Int. J. Syst. Evol. Microbiol., 50(2), 565-
574. 
542. Ventosa, A., & Nieto, J. J. (1995). Biotechnological applications and 
potentialities of halophilic microorganisms. World J. Microbiol. 
Biotechnol., 11(1), 85-94. 
543. Ventosa, A., Gutierrez, M. C., Garcia, M. T., & Ruiz-Berraquero, F. (1989). 
Classification of "Chromobacterium marismortui" in a new genus, 
Chromohalobacter gen. nov., as Chromohalobacter marismortui comb. 
nov., nom. rev. Int. J. Syst. Bacteriol., 39, 382-386. 
544. Ventosa, A., Nieto, J. J., & Oren, A. (1998). Biology of moderately 
halophilic aerobic bacteria. Microbiol. Mol. Biol. Rev., 62(2), 504-544. 
545. Verberkmoes, N. C., Russell, A. L., Shah, M., Godzik, A., Rosenquist, M., 
Halfvarson, J., Lefsrud, M. G., Apajalahti, J., Tysk, C., Hettich, R. L., & 
Jansson, J. K. (2009). Shotgun metaproteomics of the human distal gut 
microbiota. ISME J., 3, 179-189. 
546. Vessey, J. K. (2003). Plant growth promoting rhizobacteria as 
biofertilizers. Plant Soil, 255 (2), 571-586.  
547. Vickers, C. E., Gershenzon, J., Lerdau, M. T., & Loreto, F. (2009). A 
unified mechanism of action for volatile isoprenoids in plant abiotic stress. 
Nat. Chem. Biol., 5(5), 283-291. 
548. Vitullo, D., Di Pietro, A., Romano, A., Lanzotti, V., & Lima, G. (2012). Role 
of new bacterial surfactins in the antifungal interaction between Bacillus 





549. Volpi, M., Lomstein, B. A., Sichert, A., Røy, H., Jørgensen, B. B., & 
Kjeldsen, K. U. (2017). Identity, abundance and reactivation kinetics of 
thermophilic fermentative endospores in cold marine sediment and 
seawater. Front. Microbiol., 8, 131. 
550. Vreeland, R. H., Litchfield, C. D., Martin, E. L., & Elliot, E. (1980). 
Halomonas elongata, a new genus and species of extremely salt-tolerant 
bacteria. Int. J. Syst. Evol. Microbiol., 30(2), 485-495. 
551. Walhout, A. J., & Vidal, M. (2001). Protein interaction maps for model 
organisms. Nat. Rev. Mol. Cell Biol., 2(1), 55-63. 
552. Walker, A. W. (2019). A lot on your plate? Well-to-well contamination as 
an additional confounder in microbiome sequence analyses. mSystems, 
4(4), e00362-19. 
553. Wang, H., Wang, C., Tang, Y., Sun, B., Huang, J., & Song, X. (2018). 
Pseudoalteromonas probiotics as potential biocontrol agents improve the 
survival of Penaeus vannamei challenged with acute hepatopancreatic 
necrosis disease (AHPND)-causing Vibrio parahaemolyticus. 
Aquaculture, 494, 30-36. 
554. Wang, X., & Quinn, P. J. (eds.). (2010). Endotoxins: lipopolysaccharides 
of gram-negative bacteria. In Endotoxins structure, function and 
recognition, Springer, Dordrecht, 3-25. 
555. Wang, Y., Chen, Y., Zhou, Q., Huang, S., Ning, K., Xu, J., Kalin, R. M., 
Rolfe, S., & Huang, W. E. (2012). A culture-independent approach to 
unravel uncultured bacteria and functional genes in a complex microbial 
community. Plos One, 7(10), e47530. 
556.  Wang, Y., Tang, S. K., Lou, K., Lee, J. C., Jeon, C. O., Xu, L. H., Kim, C. 
J., & Li, W. J. (2009). Aidingimonas halophila gen. nov., sp. nov., a 
moderately halophilic bacterium isolated from a salt lake. Int. J. Syst. Evol. 
Microbiol., 59, 3088-3094. 
557. Wang, Y., Wu, Y. H., Wang, C. S., Xu, X. W., Oren, A., Zhu, X. F., & Wu, 
M. (2008). Halomonas salifodinae sp. nov., a halophilic bacterium isolated 
from a salt mine in China. Int. J. Syst. Evol. Microbiol., 58(12), 2855-2858. 
558. Watson, M. (2014). Illuminating the future of DNA sequencing. Genome 




559. Watson, N., & Howe, J. (2006). Implementing the EU water framework 
directive: Experiences of participatory planning in the Ribble Basin, north 
west England. Water Int., 31(4), 472-487. 
560. Watsuji, T. O., Yamada, S., Yamabe, T., Watanabe, Y., Kato, T., Saito, 
T., Ueda, K., & Beppu, T. (2007). Identification of indole derivatives as 
self-growth inhibitors of Symbiobacterium thermophilum, a unique 
bacterium whose growth depends on coculture with a Bacillus sp. Appl. 
Environ. Microbiol., 73(19), 6159-6165.  
561. Wayne, L. G., Brenner, D. J., Colwell, R. R., Grimont, P. A. D., Kandler, 
O., Krichevsky, M. I., Moore, L. H., Moore, W. E. C., Murray, R., 
Stackebrandt, E. S. M. P., & Starr, M. P. (1987). Report of the Ad Hoc 
Committee on reconciliation of approaches to bacterial systematics. Int. 
J. Syst. Bacteriol., 37, 463-464. 
562. Webster, G., O'Sullivan, L. A., Meng, Y., Williams, A. S., Sass, A. M., 
Watkins, A. J., Parkes, R. J., & Weightman, A. J. (2015). Archaeal 
community diversity and abundance changes along a natural salinity 
gradient in estuarine sediments. FEMS Microbiol. Ecol., 91(2), 1-18. 
563. Webster, G., Rinna, J., Roussel, E. G., Fry, J. C., Weightman, A. J., & 
Parkes, R. J. (2010). Prokaryotic functional diversity in different 
biogeochemical depth zones in tidal sediments of the Severn Estuary, UK, 
revealed by stable-isotope probing. FEMS Microbiol. Ecol., 72(2), 179-
197. 
564. Wei, S., Cui, H., Jiang, Z., Liu, H., He, H., & Fang, N. (2015). 
Biomineralization processes of calcite induced by bacteria isolated from 
marine sediments. Braz. J. Microbiol., 46(2), 455-464. 
565. Wei, S., Liu, B., Cui, H., Fan, R., Guo, C., & Sun, M. (2018). Diversity of 
culturable moderately halophilic bacteria producing extracellular 
hydrolytic enzymes from marine sediments. Bioscience, 34(6), 1724-
1732. 
566. Weltzer, M. L., & Miller, S. R. (2013). Ecological divergence of a novel 
group of Chloroflexus strains along a geothermal gradient. Appl. Environ. 
Microbiol., 79(4), 1353-1358.  
567. Whitman, W. B. (ed.) (2015). Bergey's manual of systematics of Archaea 




568. Wilson, J. B., & Whittaker, R. J. (1995). Assembly rules demonstrated in 
a saltmarsh community. J. Ecol., 801-807. 
569. Wilson, K. H., Blitchington, R. B., & Greene, R. C. (1990). Amplification of 
bacterial 16S ribosomal DNA with polymerase chain reaction. J. Clin. 
Microbiol., 28(9), 1942-1946. 
570. Wimpenny, J. W. T., & Waters, P. (1984). Growth of micro-organisms in 
gel-stabilized two- dimensional diffusion gradient systems. J. Microbiol., 
130, 2921-2926.  
571. Wimpenny, J. W. T., & Waters, P. (1987). The use of gel-stabilized 
gradient plates to map the responses of microorganisms to three or four 
environmental factors varied simultaneously. FEMS Microbiol. Lett., 40(2-
3), 263-267.  
572. Wimpenny, J. W. T., Coombs, J. P., Lovitt, R. W., & Whittaker, S. G. 
(1981). A gel-stabilized model ecosystem for investigating microbial 
growth in spatially ordered solute gradients. J. Gen. Microbiol., 127(2), 
277-287.  
573. Wimpenny, J. W., Gest, H., & Favinger, J. L. (1986). The use of two-
dimensional gradient plates in determining the responses of non-sulphur 
purple bacteria to pH and NaCl concentration. FEMS Microbiol. Lett., 
37(3), 367-371.  
574. Wither, A., Greaves, J., Dunhill, I., Wyer, M., Stapleton, C., Kay, D., 
Humphrey, N., Watkins, J., Francis, C., McDonald, A., & Crowther, J. 
(2005). Estimation of diffuse and point source microbial pollution in the 
Ribble catchment discharging to bathing waters in the north west of 
England. Water Sci. Technol., 51(3-4), 191-198. 
575. Wu, C. H., Sercu, B., Van De Werfhorst, L. C., Wong, J., DeSantis, T. Z., 
Brodie, E. L., Hazen, T. C., Holden, P. A., & Andersen, G. L. (2010). 
Characterization of coastal urban watershed bacterial communities leads 
to alternative community-based indicators. Plos One, 5(6), e11285. 
576. Wu, J. J., Huang, J. W., & Deng, W. L. (2020). Phenylacetic Acid and 
Methylphenyl Acetate from the biocontrol bacterium Bacillus mycoides 
BM02 suppress spore germination in Fusarium oxysporum f. sp. 




577. Wu, Y. H., Cheng, H., Xu, L., Jin, X. B., Wang, C. S., & Xu, X. W. (2017). 
Physiological and genomic features of a novel violacein-producing 
bacterium isolated from surface seawater. Plos One, 12(6), 0179997. 
578. Xiang, Y., Xing, Z., Liu, J., Qin, W., & Huang, X. (2020). Recent advances 
in the biodegradation of polychlorinated biphenyls. World J. Microbiol. 
Biotechnol., 36(10), 1-10.  
579. Xie, B. B., Shu, Y. L., Qin, Q. L., Rong, J. C., Zhang, X. Y., Chen, X. L., 
Shi, M., He, H. L., Zhou, B. C., & Zhang, Y. Z. (2012). Genome sequences 
of type strains of seven species of the marine bacterium 
Pseudoalteromonas. J. Bacteriol. Res., 194(10), 2746-2747. 
580. Xu, X. W., Wu, Y. H., Zhou, Z., Wang, C. S., Zhou, Y. G., Zhang, H. B., 
Wang, Y., & Wu, M. (2007). Halomonas saccharevitans sp. nov., 
Halomonas arcis sp. nov. and Halomonas subterranea sp. nov., halophilic 
bacteria isolated from hypersaline environments of China. Int. J. Syst. 
Evol. Microbiol., 57(7), 1619-1624. 
581. Xu, Z. X., Liang, Q. Y., Lu, D. C., Chen, G. J., & Du, Z. J. (2016). 
Pistricoccus aurantiacus gen. nov., sp. nov., a moderately halophilic 
bacterium isolated from a shark. Antonie Van Leeuwenhoek, 109, 1593-
1603.  
582. Yakimov, M. M., La Cono, V., Denaro, R., D'auria, G., Decembrini, F., 
Timmis, K. N., Golyshin, P. N., & Giuliano, L. (2007). Primary producing 
prokaryotic communities of brine, interface and seawater above the 
halocline of deep anoxic lake L'Atalante, Eastern Mediterranean Sea. 
ISME J., 1(8), 743-755. 
583. Yee, L. H., Holmström, C., Fuary, E. T., Lewin, N. C., Kjelleberg, S., & 
Steinberg, P. D. (2007). Inhibition of fouling by marine bacteria 
immobilised in κ-carrageenan beads. Biofouling, 23(4), 287-294. 
584. Yeo, S. H., Kwak, J. H., Kim, Y. U., Lee, J. S., Kim, H. J., Park, K. H., Lee, 
J. S., Ha, G. Y., Lee, J. H., Lee, J. Y., & Yoo, K. D. (2016). Peritoneal 
dialysis-related peritonitis due to Halomonas hamiltonii: a first case 
report. Medicine, 95(47), e5424. 
585. Yi, H., Chang, Y. H., Oh, H. W., Bae, K. S., & Chun, J. (2003). Zooshikella 
ganghwensis gen. nov., sp. nov., isolated from tidal flat sediments. Int. J. 




586. Yilmaz, P., Yarza, P., Rapp, J. Z., & Glöckner, F. O. (2016). Expanding 
the world of marine bacterial and archaeal clades. Front. Microbiol., 6, 
1524. 
587. Ying, C., Chang, M. J., Chang, Y. T., Chao, W. L., Yeh, S. L., & Hsu, J. T. 
(2020). Photosynthetic bacteria enhanced water quality and integrity of 
microbial community composition of integrated multitrophic aquaculture 
system of milkfish Chanos chanos coastal farming. Fish Sci., 86(2), 329-
338.  
588. Yoon, J. H., Lee, K. C., Kho, Y. H., Kang, K. H., Kim, C. J., & Park, Y. H. 
(2002). Halomonas alimentaria sp. nov., isolated from jeotgal, a traditional 
Korean fermented seafood. Int. J. Syst. Evol. Microbiol., 52(1), 123-130. 
589. Yoon, S. H., Ha, S. M., Lim, J., Kwon, S., & Chun, J. (2017). A large-scale 
evaluation of algorithms to calculate average nucleotide identity. Antonie 
van Leeuwenhoek, 110(10), 1281-1286. 
590. Yu, L., Hu, Z., & Ma, Z. (2015). Production of bioactive tryptamine 
derivatives by co-culture of marine Streptomyces with Bacillus mycoides. 
Nat. Prod. Res., 29(22), 2087-2091. 
591. Yurimoto, H., Kato, N., & Sakai, Y. (2005). Assimilation, dissimilation, and 
detoxification of formaldehyde, a central metabolic intermediate of 
methylotrophic metabolism. Chem. Rec., 5(6), 367-375. 
592. Zahir, I., Houari, A., Bahafid, W., Iraqui, M., & Ibnsouda, S. (2013). A novel 
Alcaligenes faecalis antibacterial-producing strain isolated from a 
Moroccan tannery waste. Afr. J. Microbiol. Res., 7(47), 5314-5323. 
593. Zahran, H. H., Ahmad, M. S., & Afkar, E. A. (1995). Isolation and 
characterization of nitrogen‐fixing moderate halophilic bacteria from saline 
soils of Egypt. J. Basic Microbiol., 35(4), 269-275. 
594. Zahran, H. H., Ahmad, M. S., & Afkar, E. A. (1995). Isolation and 
characterization of nitrogen‐fixing moderate halophilic bacteria from saline 
soils of Egypt. J. Basic Microbiol., 35(4), 269-275. 
595. Zengler, K., Walcher, M., Clark, G., Haller, I., Toledo, G., Holland, T., 
Mathur, E. J., Woodnutt, G., Short, J. M., & Keller, M. (2005). High-
throughput cultivation of microorganisms using microcapsules. Methods 
Enzymol., 397, 124-130.  
596. Zepeda, V. K., Busse, H. J., Golke, J., Saw, J. H., Alam, M., & Donachie, 




a gammaproteobacterium from Pearl and Hermes Atoll, Northwestern 
Hawaiian Islands. Int. J. Syst. Evol. Microbiol., 65, 3609-3617. 
597. Zhao, B., Yan, Y., & Chen, S. (2014). How could haloalkaliphilic 
microorganisms contribute to biotechnology? Can. J. Microbiol., 60(11), 
717-727. 
598. Zhao, W., Ye, Z., & Zhao, J. (2007). RbrA, a cyanobacterial rubrerythrin, 
functions as a FNR‐dependent peroxidase in heterocysts in protection of 
nitrogenase from damage by hydrogen peroxide in Anabaena sp. PCC 
7120. Mol. Microbiol., 66(5), 1219-1230.   
599. Zhong, S., Joung, J. G., Zheng, Y., Chen, Y. R., Liu, B., Shao, Y., Xiang, 
J. Z., Fei, Z., & Giovannoni, J. J. (2011). High-throughput illumina strand-
specific RNA sequencing library preparation. Cold Spring Harb. Protoc., 
2011(8), 940-949. 
600. Zhou, C., An, S., Deng, Z., Yin, D., Zhi, Y., Su, Z., Zhao, H., Zhou, L., 
Fang, C., & Qian, C. (2009). Sulfur storage changed by exotic Spartina 
alterniflora in coastal salt marshes of China. Ecol. Eng., 3(5), 536-543. 
601. Zhou, J., & Miller, J. H. (2002). Microbial genomics—challenges and 
opportunities: the 9th International Conference on Microbial Genomes. J. 
Bacteriol. Res., 184(16), 4327-4333. 
602. Zhu, H., Swierstra, J., Wu, C., Girard, G., Choi, Y. H., van Wamel, W., 
Sandiford, S. K., & van Wezel, G. P. (2014). Eliciting antibiotics active 
against the ESKAPE pathogens in a collection of actinomycetes isolated 
from mountain soils. Microbiology, 160(8), 1714-1725. 
603. Zhu, Y. G., Johnson, T. A., Su, J. Q., Qiao, M., Guo, G. X., Stedtfeld, R. 
D., Hashsham, S. A., & Tiedje, J. M. (2013). Diverse and abundant 
antibiotic resistance genes in Chinese swine farms. Proc. Natl. Acad. Sci., 
110(9), 3435-344. 
604. Ziemann, P. J. (2009). Thwarting the seeds of clouds. Nature, 461(7262), 
353-354. 
605. Zinger, L., Amaral-Zettler, L. A., Fuhrman, J. A., Horner-Devine, M. C., 
Huse, S. M., Welch, D. B. M., Martiny, J. B., Sogin, M., Boetius, A., & 
Ramette, A. (2011). Global patterns of bacterial beta-diversity in seafloor 
and seawater ecosystems. Plos One, 6(9), e24570. 
606. ZoBell, C. E. (1941). Studies on marine bacteria. I. The cultural 




607. ZoBell, C. E. (1946). Marine microbiology. A monograph on 
hydrobactcriology.  A New series of plant science books, vol. XVII. 
Waltham, Mass, Chronica Botanica Company. 
608. Zuryn, S., Le Gras, S., Jamet, K., & Jarriault, S. (2010). A strategy for 
direct mapping and identification of mutations by whole-genome 
sequencing. Genetics, 186(1), 427-430. 
